Determination of volatile organic compounds in coke oven emissions by Kirton, Peter John
University of Wollongong 
Research Online 
University of Wollongong Thesis Collection 
1954-2016 University of Wollongong Thesis Collections 
1991 
Determination of volatile organic compounds in coke oven emissions 
Peter John Kirton 
University of Wollongong 
Follow this and additional works at: https://ro.uow.edu.au/theses 
University of Wollongong 
Copyright Warning 
You may print or download ONE copy of this document for the purpose of your own research or study. The University 
does not authorise you to copy, communicate or otherwise make available electronically to any other person any 
copyright material contained on this site. 
You are reminded of the following: This work is copyright. Apart from any use permitted under the Copyright Act 
1968, no part of this work may be reproduced by any process, nor may any other exclusive right be exercised, 
without the permission of the author. Copyright owners are entitled to take legal action against persons who infringe 
their copyright. A reproduction of material that is protected by copyright may be a copyright infringement. A court 
may impose penalties and award damages in relation to offences and infringements relating to copyright material. 
Higher penalties may apply, and higher damages may be awarded, for offences and infringements involving the 
conversion of material into digital or electronic form. 
Unless otherwise indicated, the views expressed in this thesis are those of the author and do not necessarily 
represent the views of the University of Wollongong. 
Recommended Citation 
Kirton, Peter John, Determination of volatile organic compounds in coke oven emissions, Doctor of 
Philosophy thesis, Department of Chemistry, University of Wollongong, 1991. https://ro.uow.edu.au/
theses/1134 
Research Online is the open access institutional repository for the University of Wollongong. For further information 
contact the UOW Library: research-pubs@uow.edu.au 
DETERMINATION OF VOLATILE ORGANIC 
COMPOUNDS IN COKE OVEN EMISSIONS
A thesis submitted in fulfilment of the 
requirements for the award of the degree of
DOCTOR OF PHILOSOPHY
from
THE UNIVERSITY OF WOLLONGONG
by
UNIVERSITY OF 
W OLLONGONG 
LIBRARY
PETER JOHN KIRTON, BSc
DEPARTMENT OF CHEMISTRY
1991
6 9 0 8 1 0
Coke oven emissions
An unusually high concentration of coke oven emissions caused by an operational problem with push-side doors. Emissions such 
as these are of short-term duration only, but contribute to the overall atmospheric loading of emission compounds.
Abstract
A new sampling device has been constructed for measuring occupational exposure to 
airborne organic compounds. The sampler enables the simultaneous determination of 
mono- and polycyclic aromatic hydrocarbons. Where these compounds are associated 
with dust particles, the sampler can collect both the inhalable and respirable portion of 
these particles. The sampler comprises three sections in series: a Teflon filter and two 
adsorbents, graphitised carbon and activated charcoal. The compounds trapped in each 
section are desorbed with small volumes of carbon disulphide and the hydrocarbons and 
other organics determined by gas chromatography, using either flame ionisation or mass 
spectrometric detection.
The sampler design and performance were optimised using a suite of reference 
compounds chosen from the analysis of coal tar. The sampler was then used for the 
determination of more than 200 compounds in coke oven emissions from BHP Steel’s 
plants at Port Kembla and Whyalla (Australia).
The new sampler overcomes a major deficiency of the conventional BSF test (evaporative 
loss of a major portion of PAH) and also traps benzene and other mono-aromatics which 
in standard procedures requires a second sampling device: The carcinogen benzene was 
found to be a major component of coke oven emissions and is not detected by the 
conventional BSF test.
Limited testing of environmental tobacco smoke and of emissions from bitumen 
manufacture and aluminium smelting suggests that the new sampler will be suitable for 
monitoring personal exposure to organic compounds (both particulate and vapour) in a 
wide variety of industries.
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Abbreviations used in text
General abbreviations.
BSF Benzene soluble fraction. A shortened form of 
BSFTPM or benzene soluble fraction of total 
particulate matter
BSM Benzene soluble material
BTX A coke oven by-product containing benzene, 
toluene and xylene
CTPV Coal tar pitch volatiles
DI-MS Direct insertion mass spectrometry
EAD Equivalent aerodynamic diameter
ETS Environmental tobacco smoke
FID Flame ionisation detector
GC Gas chromatography
GC-FID Gas chromatography with flame ionisation detection
GC-MS Gas chromatography - mass spectrometry
GSC Gas solid chromatography
h Hour
HPLC High performance liquid chromatography
L Litre
m Metre
mg Milligram
min Minute
mL Millilitre
mm Millimetre
MW Molecular weight
NMR Nuclear magnetic resonance
PAH Polycyclic aromatic hydrocarbon(s)
PCB Polychlorinated biphenyls
PEL Permissible exposure limit
PUF Polyurethane foam
RI Retention index
SRM Standard reference material
TLC Thin layer chromatography
TLV Threshold limit value
Pg Microgram
Vil
Polycyclic aromatic hydrocarbon names are normally written in full. However one 
compound, benzo(a)pyrene, is referred to frequently throughout the text. Its name has 
been abbreviated.
BaP Benzo(a)pyrene
Several standards organisations or governmental regulatory bodies are referred to in the 
text. Abbreviations for these organisations are listed below.
ACGM American Conference of Governmental 
Industrial Hygienists
BCRA British Carbonisation Research Association
ISO International Organisation for Standardisation
NIOSH National Institute for Occupational Safety and Health
NIST National Institute of Standards and Technology 
(formerly NBS - National bureau of Standards)
OSHA Occupational Safety and Health Administration 
- US Dept, of Labour
SAA Standards Association of Australia
SPCC State Pollution Control Commision of 
New South Wales
UKAEA United Kingdom Atomic Energy Authority
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1. Introduction
1.1 Coke oven emissions - Popular view
On the 2nd of April, 1991, the Illawarra Mercury reported on an incident at the 
Newcastle plant of BHP. A failure in a turbine led to large quantities of brown fume 
being emitted from coke ovens at the site. The cloud of emissions drifted across 
residential areas before dispersing. The report in part read - "...the gases, including 
hydrocarbons, nitrogen and sulphur, passed over some suburbs but dispersed quickly. 
The pollution would not threaten workers or residents...". Other press reports, dealing 
with coke oven emissions have used the phrase "...emissions which are believed to 
contain polycyclic aromatic hydrocarbons (PAH), suspected of being carcinogenic..." 
(Illawarra Mercury, Thursday, May 31,1990). Media releases, following incidents such 
as the one referred to above, are always vague because not enough is known about the 
true nature of emissions from coke ovens in Australia.
There is a large body of data in the scientific press linking coke oven emissions with 
PAH, although very little providing details of the PAH make-up. There is a body of 
evidence linking these emissions with increased cancer risk. Indeed, operators of coke 
oven plants are involved in personnel monitoring programmes to measure exposure to 
emitted substances. There are, however, no details of the exact composition of the 
compounds sampled during monitoring in Australia. Information is not available 
concerning the quantity or chemical nature of the volatile components of emissions, 
because the monitoring technique measures only the non-volatile portion. Vague news 
releases, as described above, serve only to cause community confusion and concern.
The Environmental Health section of BHP's Human Resources department instigated a 
research project to identify the compounds in coke oven emissions and to design a 
sampler to be used in determining personal exposure to these compounds. This thesis is 
the final report of that project. 3
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1.2 Coke oven process
Two processes are in operation world-wide for the production of coke (Speight, 1983). 
These are the beehive oven and the by-product oven processes. The name "beehive" 
accurately describes the shape of the oven, in which the coal charge is dropped through a 
hole in the top, and levelled by a machine from the side to ensure even coking. The side 
opening is then bricked up to allow proper heating of the coal. Alternatively, the oven 
can be rectangular with side charging of coal. At the end of the coking cycle, the 
brickwork is removed and the hot coke is quenched either in the oven or after removal by 
machine. By-products are not collected in the beehive process; rather, the evolved gases 
are burnt in flues for heating the ovens and waste flue gases allowed to escape. The 
technology of the beehive oven belongs to a bygone time. A good contemporary 
description of its use in New South Wales, Australia, is given by Harper and Mingaye 
(1916). Although some beehive ovens are still in operation, production of metallurgical 
coke is largely accomplished by use of by-product ovens.
By-product ovens are arranged in a battery of vertical retorts with a capacity of 20 to 40 
tonnes of coal per oven depending on the design and coke needs. Coal is charged 
through top openings and mechanically levelled via a small side door near the top of the 
oven to provide a uniform space above the charge. Both ends of the oven are doors 
which are removed after coking to allow a ram to push out the coke mass, which is then 
quenched with water. Gases evolved from the coal during carbonisation (coking) pass 
from the oven via a standpipe into a collector main from which it is drawn into the by­
product recovery plant. By-products include ammonia, crude benzol (which may be 
refined to pure benzene, toluene and xylene), naphtha (based largely on Cs to Cio 
monoaromatics), naphthalene and crude tar. Up to 450 m3 of gas is produced from each 
tonne of coal, and of this 10 -15 m3 is composed of aromatic oil and vapours.
The act of drawing evolved gases into a recovery plant places the oven under reduced 
pressure. A delicate balance exists between a too-low back pressure allowing air to be
Coke oven plants (A - X)
Position on Coke oven job A B C D E F G H I J Total of all
coke oven plants
Lidman CTPV 2.06 3.14 2.02 2.06 3.34 4.11 1.95 6.27 1.88 3.23 3.23
Topside n 3 6 6 9 3 5 5 10 5 7 59
Tar chaser CTPV 1.18 11.59 3.32 3.31 1.62 2.34 1.81 3.14
jobs n 2 2 3 7 3 5 4 27
Larry car operator CTPV 2.73 1.62 8.33 2.73 2.76 3.91 1.11 4.97 2.62 2.50 3.04
n 1 4 2 4 3 7 4 3 5 8 41
Lu term an CTPV 3.53 2.62 2.18 2.57
n 4 4 10 18
Machine operator, coke side CTPV 2.29 1.99 0.94 3.43 3.90 1.18 3.11 2.43
Bench n 1 2 2 3 4 5 2 19
Benchman, pusher side CTPV 0.84 1.42 0.61 0.85 0.70 1.24 4.44 2.09 1.91
jobs n 8 2 1 1 5 4 8 2 31
Benchman, coke side CTPV 0.76 1.58 0.73 0.76 1.07 2.35 1.08
n 2 2 4 5 3 • 2 18
Heater CTPV 1.12 0.61 0.65 1.39 0.61 1.38 1.40 1.11 0.78 1.05 1.07
n 2 2 4 5 2 7 4 3 6 4 39
Remote Quenching car operator CTPV 0.19 0.35 0.83 0.00 0.76 0.34 0.25 0.77 0.27 2.67 0.94
jobs n 2 2 2 1 1 3 2 4 1 5 23
Pusher machine operator CTPV 0.56 0.94 0.15 0.57 0.46 0.37 0.22 0.53 0.31 0.50
n 2 5 2 2 3 2 3 4 3 26
Table 1.1 Mean level of coal tar pitch volatiles (mg n r3) and number of samples 
by plant and job title (Mazumdar et al., 1975)
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drawn into the oven (causing combustion) and a too-high back pressure causing emission 
of fumes into the atmosphere. Emissions also occur during the process of filling 
(charging) the oven with coal and pushing out the coke, when the oven is open to the air. 
Figure L I  shows a schematic diagram of atypical coke oven battery, indicating sources 
of emission of gases. Considerable effort is spent sealing doors, charge-hole lids, etc. to 
prevent leakage, but, due to the dynamic and complex process of coke making, this effort 
is not always successful. Modem by-product coke oven batteries are being built with 
ducted emission controls for fumes evolved during coke pushing. Sealed charging 
techniques such as pipeline charging are coming into use, self-cleaning doors have been 
introduced to improve door sealing, and better technology has been developed to indicate 
when coking is complete in order to prevent the pushing of "green" coke, which liberates 
particularly large quantities of fume (Barnes et al., 1975). Economic factors restrict 
installation of "state of the art" emission controls on existing coke ovens plants. In 
Australia and many other countries reliance is placed on manual or semi-automatic sealing 
practice to reduce emitted fume.
1.3 M onitoring procedure for coke oven workers
Routine monitoring of worker exposure to coke oven emissions is carried out at all plants 
because emission controls usually reduce rather than eliminate emissions from coke 
ovens. The procedure for monitoring this exposure involves the worker wearing a 
battery operated pump (weighing from 400 to 500 grams) which draws air through a 
small filter. The filter is attached by a clip to the lapel of the worker's clothing, so that it 
collects particles in the air near his face. At the end of the monitoring period, the filter is 
extracted with benzene and the mass of benzene-soluble material is recorded. The result 
is termed the benzene soluble fraction of total particulate matter (BSFTPM), a term which 
is usually shortened to BSF. A large pool of data relating to the mass of material in the 
"breathing zone" air of coke oven employees is available as a result of over 30 years use 
of this, or similar, tests. This data has been used in studies relating to the epidemiology 
of coke oven emissions. Due to the weight and general awkwardness of the sampling
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equipment, it has not been practical to monitor the worker for exposure to vapours at the 
same time as particulates. This would require the wearing of a second sample device and 
pump. There are fundamental inaccuracies associated with the BSF test, and these are 
viewed with concern when considering the interpretations placed on the test results.
1.4 Epidem iology of coke oven workers
All current legislation binding on the coke industry for emission control is based on a 
series of epidemiological studies of steelworkers undertaken during the early part of the 
1970's (Lloyd, 1971; Redmond et al., 1972; Mazumdar et al., 1975). Lloyd and 
Redmond studied a group of workers who were employed at coke oven plants in 
Allegheny County, Pennsylvania during 1953. This group in general showed increased 
levels of mortality due to lung cancer of 2.5 times the normal community rate. The 
greatest part of this excess was accounted for by an almost five-fold risk of lung cancer in 
topside workers (those working on the oven tops). A 10-fold risk of lung cancer was 
observed for those employed for five or more years at full time topside jobs (Lloyd, 
1971). In addition, excess risk of digestive cancer was reported for coke plant workers 
employed only in non-oven areas, such as the by-products recovery area.
Contemporary results for personal sampling of various coke oven occupational groups 
were summarised by Mazumdar et al. (1975). This summary is reproduced in Table 1.1. 
The test method produced a result termed CTPV (coal tar pitch volatiles). CTPV is 
defined as material soluble in benzene and originating from coal tar which can be collected 
from the air by filtration. The term only applies to operations involving the production or 
use of coal tar. The results summarised by Mazumdar et al. are very high by modern 
standards, and indicate the poor state of emission control at coke ovens up to 1975. This 
analytical work enabled some clarification of the observed excesses in cancer risk for 
coke oven workers.
Figure 1.1 Coke oven battery - Schematic view showing sources of emissions
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Chemical analysis of CTPV samples showed the primary constituents to be PAH. The 
carcinogenic effects of the polycyclic aromatic hydrocarbons had been widely studied, 
especially those of benzo(a)pyrene (BaP). Figures were available to relate exposure of 
coke oven workers to CTPV (and hence PAH) to increases in expected mortality rate. 
They also allowed the adequacy of the threshold limit value (TLV) for exposure to CTPV 
to be tested. A TLV is the amount of a substance in the air to which a person may be 
exposed for the whole of a working shift without any ill effect. It is usually expressed as 
a mass per volume unit of concentration. The existing TLV for CTPV was 0.2 mg n r3 
(ACGIH, 1971). The existing TLV was found to be adequate (Mazumdar et al., 1975), 
but in many workplaces exposures far exceeded this figure.
In 1976, after a great deal of statistical evidence from both epidemiological studies and 
CTPV data, OSHA (Occupational Safety and Health Administration, US Department of 
Labour) formulated a revised testing procedure introducing the term "BSFTPM". At the 
same time a standard was set limiting workers to exposure to 150 micrograms of BSF per 
cubic meter of air averaged over an 8-hour working shift (OSHA, 1976). The standard 
set out to control worker exposure to these compounds by identifying "regulated areas", 
in which access was limited to authorised personnel, respiratory protection was required 
for workers and medical surveillance and exposure-monitoring programme of employees 
was stipulated. Specified engineering controls aimed at reducing emissions were to be 
introduced at each plant and enforced by the regulations.
Modem coke oven batteries operate in such a way that worker exposure to BSF is 
generally less than the TLV of 0.150 mg n r3, this figure being exceeded infrequently and 
usually only for topside workers. It can be shown that as the overall airborne 
concentration of PAH decreases, relatively less of the volatile portion is retained by the 
filter during sampling. There is not a linear relationship between BSF and actual 
concentration of PAH in the air. Concern arises now about the extent of exposure to non- 
PAH matter, and to the volatile PAH not retained by the filter during sampling for BSF.
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1.5 Aim
The aim of this study was to produce a method for sampling of coke oven emissions on a 
routine basis. The following design criteria were chosen as the basis for development:
a) The sampling device must be able to generate a BSF result.
b) It must be capable of sampling at 2 L min-1, the prescribed rate for inhalable dust 
(SAA, 1989).
c) It must contain a means of collecting volatile compounds, so that the full suite of 
PAH can be determined.
d) It should allow extraction of sampled compounds by minimum quantities of 
solvent to allow high sensitivity.
Although the study was not aimed at development of an analytical procedure, relying 
instead on established chromatographic techniques, the following requirements were set 
for whichever method was used:
a) It should have high resolving power for PAH.
b) It should have the capability for measuring mono-aromatics and poly-aromatics in 
a single chromatographic run.
c) It should have sufficient sensitivity to detect total PAH equivalent to minimum 
BSF values. The lowest BSF reported is approximately 0.05 mg m-3, which is 
equivalent to 25 jig of PAH as the usual sample volume is 0.5 m3.
d) It should have sufficient speed and simplicity to be practical for routine 
application.
The sampler was to be tested initially with coke oven emissions, but later extended to 
other industries, to investigate possible interferences and methods for dealing with them. 
If successful, the method developed would be offered to the Standards Association of 
Australia for consideration as a standard procedure.
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2. Literature review
Almost all that is known about coke oven emissions has been derived from gravimetric 
BSF results, or from further analysis of samples collected for that test. A literature survey 
was undertaken to review these analyses, and to obtain a basis for further development of 
sampling and analytical techniques. The review has shown that although much has been 
accomplished in analytical techniques, air sampling procedures are generally primitive, 
and lead to significant error. The literature on sampling of coke oven emissions for PAH 
is sparse, and very little work has been performed on the detailed analysis of compounds 
in these emissions.
2.1. Occurrence of PAH in Air
2.1.1 Physical forms
PAH are formed during high temperature combustion processes and may either adsorb on 
to the surface of airborne particles or remain in the vapour state. Compounds such as BaP 
have low volatilities at room temperature and, once adsorbed, remain in that state. More 
volatile compounds, such as naphthalene, are desorbed more easily and are not normally 
found on particles, but will still be present in workplace air.
PAH are found, almost exclusively, in particles of respirable size. Respirable particles 
have diameters in the range 0 - 7 Jim (SAA, 1987). Bjorseth et al. (1978) sampled 
airborne dust from a coke plant using a Lundgren Impactor (a device which measures the 
size distribution of particles) and determined the PAH content of each size range. Of the 
total mass of PAH material recovered, 88% was extracted from particles in the size range 
from 0.9 to 7 jum and a further 10% from the <0.9 J im  fraction. Figure 2.1 shows the 
distribution on a mass basis of the particles containing PAH. Broddin et a l  (1977) 
showed that over 90% of PAH are found on particles from a coke oven emission source 
which are smaller than 3 fim. Another study (Miguel and Rubenich, 1980) found a 
bimodal size distribution for BaP and benzo(ghi)perylene, BghiP, in particles sampled on
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the push side of a coke oven. The hydrocarbons were associated with particles having 
diameters from 0.05 to 8 pm, with 60% of their mass found on particles larger than 0.7 
pm. For BaP, only 0.3% of the total mass was found on the largest particles ( 4 - 8  pm). 
Broddin et al. (1977) point out that most of the PAH-containing particles are of respirable 
size, while Miguel and Rubenich (1980) concluded that most of the deposition of PAH- 
containing particles from the coke oven source occurs in the pulmonary compartment of 
the respiratory system.
80 S
<0.9 0 .9 -3  3-7  7 -15  >15
Particle size pm
Figure 2.1 Distribution of PAH on coke oven emission particles as 
a function of particle size (Bjorseth et ai, 1978)
2.1.2 Chemical identity
The organic matter in coal is a polymer of high molecular weight, extensively cross-linked 
and containing a large proportion of aromatic ring structures (Speight, 1983; Bouska, 
1981). One model structure for coal (Shinn, 1984) is shown in Figure 2.2. During 
pyrolysis (coking) these macro-molecules fracture in such a way as to yield products of 
high thermodynamic stability (e.g., methane, benzene, PAH). There may be some
11
Figure 2.2 Molecular model of coal (Shinn, 1984)
recombination of simple ring compounds to form PAH of higher molecular weight. 
Hydrogen, carbon monoxide, methane and other hydrocarbons (<0 5 ) are the major 
gaseous products of carbonisation. In addition, practically all members of the fused-ring 
aromatic series which begins with benzene, C6H6, and ends with graphite, ( C ^ ,  are 
produced, the amount of each fused-ring system decreasing with increase in molecular 
weight (Barnes et a i, 1975). A large number of aromatic compounds (PAH), as well as a 
lesser number of hetero-PAH, both volatile and non-volatile, may therefore be expected to 
occur in airborne particles and gases emitted from coke ovens.
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Lists of typical PAH found in coke oven atmospheres are rare, and those reported are 
mostly limited to material collected and retained on a filter, disregarding losses. These 
tables have value, however, as a qualitative indication of the range of compounds to be 
expected. Lao et al. (1975) have reported data for PAH from a variety of sources, 
including silver membrane filter samples from a coke oven plant. Bjorseth et al. (1978) 
have also reported on a range of PAH collected from a coke plant, in this case with an 
absorption sampling technique using cooled ethanol.
PAH can occur in many isomeric forms. They may be unsubstituted or contain methyl, 
ethyl or other substituents. They may be partially hydrogenated and may contain one or 
more hetero atoms. In the analysis of volatile coke oven by-products (BHP,1988), 
toluene and methyl naphthalenes were found at concentrations approximately one tenth 
that of the unsubstituted compounds. Higher ring PAH have methyl isomers which can 
be expected to occur in similar proportions. Many of these methyl-PAH compounds are 
referred to in the works of Lao et al. and Bjorseth et al., often as unresolved groups. 
Analysis by capillary gas chromatographic techniques and mass spectrometry has 
identified well over 100 individual compounds or groups of unresolved isomeric 
compounds in the 2- to 6-ring PAH range in air samples (Lao et al., 1973; Lee et al., 
1976), and coking by-products (Wise et al., 1988a). While not all of these compounds 
have been reported for emission samples from coke ovens, their presence in these samples 
is probable. PAH qualitatively estimated in coke oven emissions are summarised in Table
2.1. In addition to these PAH, volatile mono-aromatic compounds are known to be 
present but their quantities are not reported. In some areas, attention is being focussed on 
the measurement of benzene, toluene and xylene in emissions (European Coal and Steel 
Community - National Coal Board, 1988) but no data are available.
2.2 The "Benzene Soluble Fraction" test
The "Benzene Soluble Fraction" test was historically the first analytical method applied to 
organic emissions from coke ovens (US Public Health Service, 1963). Air was drawn
13
through a large glass fibre filter in a high volume sampler at a rate of between 0.7 and 3 
m3 per minute. Analysis involved weighing the exposed filter, extraction of soluble 
matter with benzene in a Soxhlet apparatus and re-weighing the dried filter. The loss of 
mass was reported as the "benzene soluble fraction of total particulate matter". In 1965 a 
limit for this soluble material of 0.2 mg nr3 of air was imposed in an attempt to increase 
emission controls at coke ovens, and to reduce worker exposure to PAH (ACGIH, 1971).
Errors caused by mechanical loss from the filter matrix (loss of fibres), loss of sampled 
particles from the filter and absorbtion of moisture in the extraction apparatus, were 
identified early in the use of this analytical procedure (Seim et al., 1974; Schulte et a l, 
1975). Richards et al. (1967) showed that a silver membrane filter offered better mass 
stability than glass fibre, cellulose or cellulose acetate. In a study of sampling and 
analysis methods for coke ovens, Schulte et al. (1974) found that silver membranes 
tended to clog after relatively short exposure times when the particle concentration or 
humidity was high. The study concluded that the problem was eliminated when a glass 
fibre filter, without binder, was used ahead of the silver membrane. This apparatus, 
consisting of glass fibre prefilter, silver membrane and cellulose support became the 
standard amongst occupational hygienists for sampling of benzene soluble material at coke 
ovens. Golden and Sawicki (1975) presented an ultrasonic extraction procedure which 
was more efficient for PAH than the Soxhlet technique and completed the extraction in 
only 12 minutes.
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Table 2.1 PAH Compounds in Coke Oven Emissions
Components are arranged in approximate elution order from a non-]polar chromatographic column
Abundance Index: 1.....Major 2 .....Minor 3 .....Trace
Com pound M ol. Wt. Abundance R e f .
Indene 116 *
Indan 118 *
Methylindenes 130 *
Naphthalene 128 1 a
2-methylnaphthalene 142 2 a
1 -methylnaphthalene 142 2 a
Biphenyl 154 3 a
Methylbiphenyls 168 3 *
Acenaphthylene 152 2 a
Acenaphthene 154 2 a
Dibenzofuran 168 2 a
Octahydrophenanthrene 186 3 b
Octahydroanthracene 186 3 b
Dihydrofluorenes 168 3 b
Benzindenes 166 3 b
Fluorene 166 2 a,b
Dihydrophenanthrene 180 3 b
Dihydroanthracene 180 3 b
1 -methy Lfluorene 180 3 a,b
2-methylfluorene 180 3 a,b
9-methylfluorene 180 3 a,b
Benzoquinoline 179 3 b
Dibenzothiophene 184 3 a
Acridine 179 3 b
Phenanthrene 178 1 a,b
Anthracene 178 1 a,b
Carbazole 167 2 a,b
1 -methy lphenanthrene 192 2 a,b
2-methylphenanthrene 192 2 a,b
3 -methy lphenanthrene 192 2 a,b
9-methy lphenanthrene 192 2 a,b
1 -methy lanthracene 192 2 a,b
2-methylanthracene 192 2 a,b
Dimethylphenanthrenes 206 3 b
Octahydrofluoranthene 210 3 b
Octahydropyrene 210 3 b
Dihydrofluoranthene 204 3 b
Dihydropyrene 204 3 b
Fluoranthene 202 1 a,b
Pyrene 202 1 a,b
Dihydrobenzo(a)fluorene 218 3 a,b
Dihydrobenzo(b)fluorene 218 3 a,b
Dihydrobenzo(c)fluorene 218 3 b
Benzo(a)fluorene 216 2 a,b
Benzo(b)fluorene 216 2 a,b
Benzo(c)fluorene 216 2 b
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Table 2.1 PAH Compounds in Coke Oven Emissions
Components are arranged in approximate elution order from a non-polar chromatographic column
Abundance Index: 1.....Major 2.....Minor 3 .....Trace
Com pound M ol. W t. Abundance R e f .
1 -methylfluoranthene 216 2 b
2-methylfluoranthene 216 2 b
3-methylfluoranthene 216 2 b
7 -methylfluoranthene 216 2 b
8-methylfluoranthene 216 2 b
1-methylpyrene 216 2 a,b
2-methylpyrene 216 2 b
4-methylpyrene 216 2 b
Benzo(c)phenanthrene 228 3 a,b
Benzo(ghi)fluoranthene 226 3 b
Dihydrobenz(a)anthracene 230 3 b
Dihydrochrysene 230 3 b
Dihydrotriphenylene 230 3 b
Benz(a)anthracene 228 1 a,b
Chrysene 228 1 a,b
Triphenylene 228 1 a,b
Methylbenz(a)anthracenes 242 2 b
1-methylchrysene 242 2 b
2-methylchrysene 242 2 b
3 -methy lchry sene 242 2 b
6-methylchrysene 242 2 b
Methyltriphenylene 242 2 b
Dimethylbenz(a)anthracenes 256 3 b
Dimethylchry senes 256 3 b
Dimethyltriphenylenes 256 3 b
Benzo(j)fluoranthene 252 2 a,b
Benzo(k)fluoranthene 252 1 a,b
Benzo(b)fluoranthene 252 2 a
Methylbenzofluoranthenes 266 3 b
Benzo(e)pyrene 252 2 a,b
Benzo(a)pyrene 252 1 a,b
Perylene 252 2 a,b
Methylbenzopyrenes 266 3 b
Dimethylbenzofluoranthenes 280 3 b
Dimethylbenzopyrenes 280 3 b
Dibenzanthracene 278 2 b
Anthanthrene 276 2 a
Indeno( 1,2,3-cd)pyrene 276 2 a,b
Indeno( 1,2,3-cd)fluoranthene 276 *
Benzo(ghi)perylene 276 2 a,b
Coronene 300 2 a,b
Pentacene 278 *
Methyldibenzanthracenes 292 3 b
Methylbenzo(ghi)perylene 290 3 b
Dibenzopyrenes 302 2 a,b
R eferences: a) Bjorseth et al., (1978)
b) Lao etal., (1975)
* ) Not cited in references, but almost certainly present.
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Three techniques were considered by NIOSH (1977a) for analysing the particulate 
material collected on the filter to help overcome some of the errors previously identified:
(i) measurement of one or more discrete compounds in coal tar products,
(ii) measurement of the total mass of particles collected on a filter, or
(iii) measurement of a selected fraction, but not a particular compound, in the 
particles collected on a filter.
NIOSH chose method (iii), proposing a solvent extraction of the filter. The result was to 
be reported as the residue, in milligrams, on evaporation of the solvent. Cyclohexane was 
proposed as solvent because of the suspected health hazards with benzene, and ultrasonic 
extraction of the filter recommended. Although the work of Golden and Sawicki (1975) 
required 100 mL of cyclohexane and 12 minutes for the ultrasonic extraction, the NIOSH 
procedure specified 5 minutes ultrasonication in 5 mL of solvent. Interestingly, 
cyclohexane was not used in the NIOSH standard procedures (NIOSH, 1977b), both 
P&CAM 217 and P&CAM 183 making use of benzene as solvent.
The "Benzene Soluble Fraction of Total Particulate Matter" test is a convenient method for 
indexing emission control or worker exposure at coke ovens. The test does not, 
however, provide any reliable data on the chemical nature of the compounds sampled and 
is subject to gross errors of interpretation due to sampling inefficiencies.
2.3 Sources of sampling errors
2.3.1 Sampling approach
In assessing air quality at coke ovens, both high and low volume sampling have been 
used. The static high volume sampler using either glass fibre or a glass fibre/silver 
membrane filter combination has been discussed. Sampling to determine the size 
distribution of PAH-bearing particles has also been carried out (Broddin et a l, 1977; 
Miguel and Rubenich, 1980). The ACGIH (1983) has summarised static sampling
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devices. High-volume (1130 L min-1), medium-volume (113 L min-1) or dichotomous 
sampling at relatively low flow (15 L min-*) have all been applied. Personal sampling for 
PAH is accomplished at a flow rate of 2 L min-1 (NIOSH, 1984). Whichever technique 
for sampling is adopted, sources of error, such as evaporative loss and artifact formation, 
have been identified for each and need to be considered in evaluating results.
2.3.2 Representative sampling
It is essential that the air sampled for PAH be representative. For gases and vapours there 
are few practical problems but, for dusts, sampling may be non-representative due to 
variations in particle size and velocity. Fortunately, the particles in coke oven fume which 
contain PAH are mostly smaller than 5 pm, with much of the mass smaller than 3 pm 
(Broddiner al., 1977; Miguel and Rubenich, 1980), and classified as an aerosol. In the 
sampling of aerosols, much of the size consideration is removed. The particles in 
aerosols settle from air at a negligible rate. Particles in the size range 1 - 10 pm have 
mean residence times in the order of 10 -100  hours, while for sub micrometer particles, 
residence times are of the order of 100 - 1000 hours (Esmenand Com, 1971). 
Conventional, single-stage sampling devices are satisfactory for representative sampling 
of aerosol particles (Linch, 1974). The device which finds most widespread use for 
personal sampling in the coke oven environment is a glass fibre filter in a polystyrene 
filter cassette, connected to a battery-operated pump drawing air at 2 L min-1.
2.3.3 Incomplete trapping of particles
Glass fibre filters used in air sampling are specified to have collection efficiencies of at 
least 99% for particles of 0.3 pm or larger in diameter (Lee et al., 1981). Many particles 
smaller than the pore size of the filter are collected, due to electrostatic effects and 
impaction on the walls of pore passages (Linch, 1974). Molecular clusters of polycyclic 
aromatic compounds of the order of 5 nm in diameter have been found on secondary 
collection media behind filters (Lee et al., 1981), but the majority of PAH bearing 
particles is trapped by the filter. Back-up filters, e.g., polyurethane foam (PUF) plugs,
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are sometimes used to increase the reliability of atmospheric particle sampling, although 
their use is usually to trap vapours (Pupp et al., 1974). Evaporative loss of PAH from the 
trapped particles is a more significant problem than particle loss through the filter.
2.3.4 Evaporative loss of PAH from filters
Good agreement between BaP and the total mass of particles collected has been reported 
(BCRA, 1980) leading to the conclusion that BaP measurement is useful as an indication 
of total PAH in environmental samples. BaP has been considered by NIOSH as a proxy 
substance for coke oven emission analysis (NIOSH, 1977a). Although BaP relates well 
to BSF, Gammage and Bjorseth (1980) warn of its use as a proxy substance for PAH 
without being aware of the "parent PAH profile", which varies from plant to plant. BaP 
does not give any indication of the overall PAH composition, and individual compounds 
may be lost during sampling, e.g., by evaporation, giving a distorted interpretation of the 
relative BaP/PAH proportions. Andersson et al. (1983) sampled air on a coke oven 
using a glass fibre filter and a back-up trap containing the resin Amberlite XAD-2. The 
glass fibre filter was found to collect all of the BaP, but only 26.7% of the total PAH 
sampled by the device.
Evaporative loss of PAH from glass beakers and glass fibre filters at 20°C in a fume 
cupboard has been reported (Lao and Thomas, 1980). In 24 hours, 6% of BaP and 30% 
of pyrene were lost from the beaker. No losses of BaP and benzo(k)fluoranthene (BkF) 
occurred from glass fibre filters, apparently due to adsorption and stabilisation of these 
compounds on particles on the filter. Losses were found, however, for lower molecular 
weight compounds such as pyrene and fluoranthene. The air flows encountered in high 
volume samplers assist evaporation from the adsorbed state, although the mechanism of 
loss is highly complex (Lao and Thomas, 1980). Losses of volatile PAH are consistently 
less from low volume than from high volume samplers (Katz and Chan, 1980). 
Temperatures of more than 30°C are frequently encountered on coke oven batteries such 
as those at Port Kembla. An investigation (BCRA, 1979) of the loss of BaP and benzene
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soluble material (BSM) at a range of temperatures found insignificant loss of both species 
from high volume samples at 20°C but losses of 10% BaP and up to 28% BSM at 30°C. 
These reported losses of PAH from filters are important in the interpretation of benzene 
soluble fraction (BSF) test results at Port Kembla. Evaporative loss may be a major 
source of systematic error when comparing BSF numerical results with overseas figures 
and with the threshold limit value of 0.2 mg m*3 (NIOSH) or OSHA's permissible 
exposure limit of 0.15 mg nr3 (OSHA, 1976).
2.3.5 Atmospheric reactions of PAH trapped on filters
Artifact formation from PAH after sampling is well documented. Degradation of PAH 
compounds occurs by reaction with airborne pollutants, by surface catalysed oxidation on 
the filter and by photooxidative reaction with ozone. Reactions between PAH and ozone, 
NOx or SC>2 in the air prior to sampling are reported for urban aerosols (Brorstrom et al, 
1983; Grosjean et a l, 1983) and further reactions after sampling have also been 
investigated (Brorstrom etaL, 1983; Brorstrom-Lunden and Lindskog, 1985; Peters and 
Seifert, 1980). In view of the short time between fume emission and sample collection at 
coke ovens, it is likely that "on-filteru degradation is more important than atmospheric 
reactions prior to sample collection.
Of the airborne contaminants, ozone and nitrogen dioxide have been investigated in most 
detail. Ozone at concentrations of 20 - 40 ppb has been shown to cause loss of BaP on 
filters (Peters and Seifert, 1980), but BaP, perylene and 1-nitropyrene showed no loss on 
passing air containing 100 ppb O3 and 100 ppb NO2 when spiked onto filters coated with 
various particles (fly-ash and diesel exhaust particles) (Grosjean et al., 1983). Ozone 
reacted readily with particulate matter which had been freshly spiked with PAH in 
laboratory experiments, but no evidence was found for reaction of O3 with particulate 
matter during field sampling experiments, where the filter also contains particulate matter 
(Coutant et a l, 1988). There is evidence to show that glass fibre filters catalyse
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atmospheric reactions of PAH and it may be that these reactions are impeded when the 
PAH is insulated from the filter surface by adsorption on particles.
Photooxidation occurs when PAH react with ozone in the presence of light forming 
quinones as the major product (Lee et al., 1981). The rate of reaction of BaP with ozone 
is slow in the dark, but considerably increased in the presence of simulated sunlight 
(Peters and Seifert, 1980). Degradation of PAH by sunlight or UV radiation follows a 
complex mechanism, and has no predictable result on the determination of PAH in coke 
oven emissions. The reaction depends on the nature of the adsorbing particle. For 
example, BaP is prone to photooxidation on silica, but the oxidation of several PAH, 
including BaP, is markedly slower when the compounds are adsorbed on coal fly-ash 
particles (Korfmacher et al., 1979). Photolysis reactions were shown to be inhibited 
when the adsorbing substrate was dark in colour, suggesting that the dark fly-ash absorbs 
light, preventing it reaching the PAH (Behymer and Hites, 1988). Conversely, certain 
compounds, notable those containing benzylic carbon atoms, e.g., fluorene, are rapidly 
photooxidised to ketones or quinones when adsorbed on coal fly-ash. Although the 
literature gives no clear indication of the extent of oxidation by ozone in the dark, there is 
clear evidence for photooxidation. Filter cassettes should be wrapped in aluminium foil 
during sampling in strong sunlight to minimise the effect.
PAH are nitrated by atmospheric N 0 2 at a concentration of 30 ppm (Brorstrom-Lunden 
and Lindskog, 1985). Pyrene and BaP on a filter exposed to 100 ppm N 0 2 for 12 hours 
showed a loss of PAH and presence of a second compound, shown to be a mononitro 
derivative (Hughes et al., 1980). However, it is questionable whether the lower 
concentrations found in ambient air have a significant effect (Grosjean, 1983; Grosjean et 
a l, 1983; Arey et al., 1988). Grosjean et al. (1983) could find no reaction with N 0 2 at 
100 ppb and proposed that losses of PAH from filters are not caused by N 0 2 at the 
normal atmospheric concentration of 24 - 58 ppb (Grosjean, 1983).
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Reactions of PAH with oxides of sulphur are also unclear. No significant change in 
concentration of PAH on soot particles was observed on exposure to 5 ppm SO2 for 99 
days (Butler and Crossley, 1981) or to 100 ppm SO2 for 3 hours in a high volume 
sampler (Grosjean et al., 1983). No transformation of pyrene and BaP was found 
(Hughes et al., 1980) when these compounds were exposed to 100 ppm SO2 for 12 
hours, although the same experiment using SO3 showed some loss. Addition of SO3 to 
BaP already exposed to NOx and SO2 accelerated the loss of that compound although the 
loss was not quantitated (Brorstrom-Lunden and Lindskog, 1985).
Ambient concentrations of atmospheric pollutants in the Sydney-Wollongong area of New 
South Wales (the area in which coke ovens are operated) average 30 ppb for ozone, 25 - 
35 ppb for NO2 and 11 ppb for SO2 (SPCC, 1987). From the literature, reactions of 
PAH with ozone may occur in these conditions, but reaction with the other gases is 
unlikely. Sample devices should be protected against exposure to light and air to 
minimise ozone reactions.
2.3 .6 Surface reactions of PAH trapped on filters
Atmospheric oxidation of PAH catalysed by the filter material is more predictable than 
reaction with atmospheric gases. Loss of PAH from filters stored in the dark appears to 
be dependent on the type of filter material (Lee et al., 1980). Losses of PAH are more 
noticeable in lightly loaded filters because of more favourable contact between filter and 
PAH. Lee et al, (1980) compared the effects of the following filter media on recovery of 
BaP and benz(a)anthracene (BaA):
Glass fibre type A 
Silica (quartz) fibres
Micro glass fibres with Teflon binder on fibres 
Teflon membrane bonded to polyethylene net 
Teflon membrane supported by Teflon fibres
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The Teflon filters yielded higher recoveries for both PAH than the other filter types. After 
storage for one week, 90% of BaP was recovered from Zefluor and Fluoropore but only 
45% from glass fibre. The Teflon coated glass fibres exhibited a performance midway 
between the others (Lee et al, 1980).
2.4 Sampling techniques using back-up collection
Studies into the chemical nature of airborne PAH have suffered because of the inefficiency 
of sampling with filters. In order to provide a more representative profile of the 
compounds present, secondary collection devices have been placed behind the filter to trap 
the volatile and undersized material passing through the filter. Secondary collection 
devices can be categorised broadly into two groups; polymeric adsorbents and low 
temperature traps.
2.4.1 Polymeric adsorbents
Macroreticular resins have been used in sorbent beds in both high and low volume 
samplers. The choice of resin for use depends on its collection properties and also on its 
performance in the desorption step prior to analysis. Some polymers contribute to a high 
blank in subsequent analytical treatment, while some may adsorb the analyte so strongly 
that desorption is difficult and unpredictable. Resins used include polyurethane foam, 
Tenax GC, XAD-2, Chromosorb 102 and Florisil. Their properties in air sampling which 
are relevant to coke ovens sampling application are summarised below.
a) Polyurethane foam (PUF)
PUF finds traditional use as a pre-concentration technique in PAH extraction from 
aqueous samples (Lee et al., 1981). PUF plugs have been used as back-up traps in 
several investigations of PAH losses from glass fibre filters during high volume air 
sampling (Keller and Bidleman, 1984; Chuang et al., 1987; Thrane and Mikalsen, 1981). 
In general, PUF has been shown to collect and retain 3- to 4-ring PAH which have passed 
through filters (Keller and Bidleman, 1984), but <3-ring PAH are lost from the system.
23
Chuang et a i, (1987) collected phenanthrene, anthracene, fluoranthene and pyrene 
satisfactorily on PUF plugs, but found a significant loss of naphthalene. Thrane and 
Mikalsen (1981) used a system of two and sometimes three PUF plugs in series to 
investigate the breakthrough of volatile PAH. Naphthalene, biphenyl, phenanthrene, 
anthracene, fluoranthene and pyrene were found on the third plug, and 25 - 30% of the 
total PAH material was found on the second plug. Retention of reactive PAH on PUF is 
poor, and losses of compounds such as cyclopenta(c,d)pyrene have been reported 
(Chuang et a i, 1987). Retention of all PAH compounds can be improved by sampling at 
a lower temperature and a lower flow rate (Ligocki and Pankow, 1985). By sampling 
with PUF in a high-volume sampler at the reduced flow of 150 L min-1, compounds as 
volatile as dibenzofuran could be quantitatively collected, but acenaphthene and 
acenaphthalene were lost. PAH are lost from PUF on storage of samples (Chuang et al., 
1987).
PUF is not normally used in a personal sampling program, nor is its use reported in 
monitoring coke oven emissions. It is a valuable polymeric trap for volatile hydrocarbons 
when using a high volume sampler because of its low flow resistance which causes only a 
small pressure drop in the system.
b) Tenax GC and XAD-2
The resins Tenax GC and Amberlite XAD-2 are sometimes used in back-up traps to 
improve collection efficiency of PAH. Both materials are effective in trapping 2- and 3- 
ring PAH (Chuang et al., 1987; Bennet e ta l,  1979; Cautreels and Van Cauvenberghe, 
1978). XAD-2 resin was shown to be more effective than PUF for collection of 2-ring 
PAH in high volume sampling and also to retain PAH better on sample storage (Chuang et 
al., 1987). Tenax GC was used by Cautreels and Van Cauvenberghe (1978) to sample 
vapour phase PAH when determining the distribution coefficients o f these compounds 
between solid and vapour phases. Even the most volatile compounds studied 
(phenanthrene and anthracene) were trapped effectively in a low-flow sampling system.
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2-ring PAH have been shown to break through Tenax GC on prolonged gas flow, but 
only after a considerable time (2 hours for indene, 8 hours for naphthalene) at elevated 
temperature (80°C). At ambient temperatures the break-through time is greater (White et 
a l, 1979). XAD-2 exhibits marginally better retention characteristics for the diaromatic 
compounds, e.g., indene, naphthalene, than does Tenax GC (Otson et a l, 1987). There 
is evidence to suggest that atmospheric nitration of PAH is encouraged more by XAD-2 
than by other adsorbents, e.g., PUF, although only at concentrations of N 0 2 in the test 
atmosphere far higher than that in the normal coke oven atmosphere (Lindskog et a l, 
1987).
An important consideration in the choice of an adsorbent for vapour collection is the ease 
and efficiency of desorption. Two methods of desorption are commonly used; thermal 
and solvent. XAD-2 is not suitable for thermal desorption as it degrades at 150°C and 
pyrolyses at 250°C (Supelco, 1988). At high desorption temperatures artifact formation 
can occur in Tenax GC, which must be carefully conditioned prior to use. There remains 
some doubt about the efficiency of thermal desorption of non-volatile PAH. For PAH 
adsorbed on resins, a solvent desorption technique must be used.
For solvent desorption, both resins suffer from the problem of a high background blank 
in subsequent analysis (Strup et a l, 1978). The blank from XAD-2 resin can be 
eliminated by a prolonged multi-solvent washing technique, but Tenax GC persistently 
degrades into diphenylquinones, even after extensive prewashing. Impurities in 
commercially packed XAD-2 tubes may interfere with analysis when working with very 
low concentrations of PAH. The tubes may be pre-washed with cyclohexane and diethyl 
ether to remove these impurities (Otson et a l, 1987). PAH recoveries are good from 
Tenax GC and XAD-2 using various solvents. Recoveries of 82 -103% were reported for 
2- to 4-ring PAH using cyclohexane (Otson et a l, 1987) and Strup et a l  (1978) reported 
78 to 95% recovery using dichloromethane. Andersson et a l  (1983) achieved mean
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recoveries of 87 - 100% for naphthalene, fluorene, phenanthrene and anthracene from 
XAD-2 using diethyl ether extraction.
The adsorptive capacity of both resins is due to their open porous structure, resulting from 
regular spacing of phenyl groups on the surface. This open structure causes strong 
adsorption so that these resins often require vigorous conditions for desorption. Solvent 
and temperature effects, e.g., thermal breakdown or quinone formation, limit use of the 
resins, especially for larger molecules, and great care is required to prevent interferences 
(Supelco, 1988). Figure 23  shows the molecular structure of Tenax GC and XAD-2 
resins.
Tenax GC XAD-2
Figure 2.3 Molecular Structure of Tenax GC and XAD-2 (Supelco, 1988)
c) Other polymers
Other adsorbents appear infrequently in the literature. They include Chromosorb 102 
(Jackson and Cupps, 1978), Florisil (Davis et al., 1985), alumina (Bjorseth, et al., 1980) 
and Bondapak C18 on Porasil (Lindgren et al., 1980). Information on adsorption 
effectiveness, stability and desorption techniques for these materials in PAH sampling is
scant.
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d) Carbon adsorbents
Activated charcoal is widely used in trapping organic vapours, and has been used to 
collect three ring PAH. Release of PAH from charcoal is often difficult and it is not 
normally used for these compounds. Andersson et a l  (1983) recovered only 13% of 
phenanthrene and 8.8% of anthracene from charcoal using carbon disulphide extraction 
compared to 87-95%  for the same compounds from Amberlite XAD-2 with diethyl ether.
Graphitised carbon is an adsorbent which is claimed to release large molecules such as 
PAH, polychlorinated biphenyls (PCB) or pesticides (Supelco, 1988). Organic 
compounds can be thermally desorbed from graphitised carbon at higher temperatures that 
XAD-2 or Tenax GC. They can also be desorbed with carbon disulphide, a convenient 
solvent for use with a flame ionisation detector in gas chromatography. CS2 causes 
degradation of Tenax GC and XAD-2 (Supelco, 1988). This adsorbent has not been 
evaluated in a coke oven application.
2.4.2 Cryogenic traps
In order to effectively trap volatile PAH, Bjorseth et al. (1978) used an ethanol absorber 
cooled by dry ice. The sampling train consisted of an Acropore filter (AN-800) followed 
by two absorption bottles containing ethanol in dry ice. This apparatus retained 
naphthalene, although the efficiency of collection is not reported. Miguel and Friedlander 
(1978) used a high volume sampler, the sample train containing, in series, a glass fibre 
filter, a salt/ice cooled water trap (-15°C) and a glass coil immersed in a dry ice/acetone 
mixture (-81°C). Handa et al. (1980) used two systems. The first comprised a glass fibre 
filter followed by one trap cooled in methanol/ice and a second immersed in liquid 
nitrogen. The other apparatus consisted of a glass fibre filter followed by a condenser 
cooled by evaporating liquid nitrogen, and a trap immersed in liquid nitrogen. Half of the 
pyrene collected was found in the cold-traps.
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The use o f cryogenic trapping for volatile PAH is very limited. Problems with 
subsequent analysis involving removal of water, washing internal surfaces of glassware 
and reduction of large volumes make the technique unpopular. Although Bjorseth et al. 
(1978) used a cryogenic technique in sampling airborne PAH at a coke oven site, no 
application to personal monitoring in the coke ovens environment has been found in the 
literature.
2.5 Impregnated filters
To improve the collection efficiency of glass fibre filters for volatile PAH in high-volume 
sampling, the filter may be impregnated with various materials. Paraffin oil has been used 
(Rondia, 1965), as have various esters. Brockhaus (1974) found that impregnating a 
glass fibre filter with glyceryltricaprylate increased recovery of fluoranthene and pyrene 
from 32% to 96%. Konig et al. (1980) confirmed this finding by trapping (using 
glyceryltricaprylate) the approximately 85% of tetracyclic PAH which passed through a 
glass fibre filter. Interferences from the impregnating agents can hinder subsequent 
analysis, although the agent itself can be removed e.g., by hydrolysis (Brockhaus, 1974). 
This technique is reported only for sampling by the high volume method.
2.6 Passive dosimeters
Passive dosimeters find common use in personal monitoring of airborne volatile 
compounds. These devices are convenient in that they are small and light-weight, have 
predetermined and constant sampling rates and do not require a pump (Rose and Perkins, 
1982). The technique relies on the adsorption of an analyte on a substrate leaving, in the 
ideal case, a zero concentration of analyte immediately above the substrate surface. The 
resulting concentration gradient between the atmosphere and the adsorbent surface drives 
the transport of vapour molecules towards the adsorbent. Passive monitors may involve 
diffusion of analyte through a membrane before reaching the adsorbent substrate. They 
are designed either as a tube of known length and cross-sectional area with the adsorbent 
filling one end, or as a badge containing a disk or strip of substrate separated by a pre­
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defined distance from the air by a membrane. The sampling rate is determined by the 
cross-sectional area and length of the device, the concentration of analyte at the open end 
and the diffusion coefficient for the analyte along the concentration gradient (Rose and 
Perkins, 1982).
The application of passive dosimeters to airborne organic compounds is usually 
considered only for those with appreciable vapour pressure at room temperature. The 
monoaromatic compounds and naphthalene are determined routinely in this way (3M 
OVM Sampling Guide), but no routine methods exist for the higher PAH. A technique 
using a filter paper treated with heavy metal salts as adsorbent and fluorescence 
spectrometry detection is being developed (Vo-Dinh, 1985). Although the analytical 
technique has been shown suitable for PAH up to BaP (Vo-Dinh and White, 1986), the 
dosimeter has only been applied to PAH with four rings or fewer.
2.7 Standard sampling procedures
In occupational hygiene, PAH are usually expressed as the residue on evaporation from a 
benzene solution of material collected on a filter. The method followed is based on the 
NIOSH procedure P&CAM 217, "Benzene soluble compounds in air". In this method, 
particles suspended in air are collected on a glass fibre and silver membrane filter 
combination and the filter is extracted ultrasonically with benzene. The benzene is 
evaporated to dryness and the residue is weighed (NIOSH, 1977b). The OSHA and 
ACGIH limits for organic material determined in this way are both 0.2 mg nr3. OSHA 
qualifies this specification with a pemissible exposure limit (PEL) of 0.15 mg nr3 for 
coke oven emissions (OSHA, 1976). If this PEL is exceeded, OSHA requires that the 
sample be analysed for five selected PAH, the presence of any of which indicates non­
compliance with the regulation. The value of 0.2 mg nr3 is generally accepted by other 
regulatory bodies including Worksafe Australia.
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NIOSH method P&CAM 217 has been updated in the 3rd edition of the manual of 
analytical methods. Method 5023 (NIOSH, 1984) specifies use of a Teflon laminated 
filter for sampling CTPV. Personal samples are collected by this method at 1-4 litres per 
minute. The filter is extracted by ultrasonication in either benzene or cyclohexane. The 
sampling procedure in Method P&CAM 183 (NIOSH, 1977b), "Polynuclear aromatic 
compounds in air", which, like P&CAM 217, made use of a glass fibre/silver membrane 
filter combination, has also been updated. Method 5506 (liquid chromatography) and 
5515 (gas chromatography) (NIOSH, 1984) both use, for sampling, laminated Teflon 
membrane filters, with XAD-2 follow-up sorption tubes. These methods determine 17 
PAH compounds in the 2- to 6-ring range.
OSHA standard method 58 (OSHA, 1986) makes use of a glass fibre filter with no back­
up for coke oven emissions, sampling being carried out at 2 litres per minute. No attempt 
has been made by OSHA to improve on the sampling device because this could change the 
definition of the OSHA standard. This standard also requires analysis for phenanthrene, 
anthracene, pyrene, chrysene and BaP as a test for compliance when the BSF 
concentration is over the PEL.
2.8 Findings of the review
The technique of sample collection in any program must be of prime concern to the 
analytical chemist. In sampling of coke oven emissions, the purpose of measurement is a 
decisive factor in the choice of technique. For example, if PAH are to be measured to 
monitor compliance with OSHA requirements on battery maintenance and emission 
control, then personal sampling with simply a glass fibre filter should be used. For other 
purposes, e.g., characterisation of emission types or generation of a set of data on the 
relative abundance of emitted substances, then much more attention must be paid to 
sampling practice, and the following points require consideration.
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a) PAH occur in the atmosphere adsorbed on the surface of small particles. Size 
distribution of particles containing PAH at coke ovens is in the range 0.05 - 4 Jim. 
Aerosol sampling techniques are applicable to coke oven fume.
b) Collection of PAH-containing fume on filters will result in losses of the more 
volatile compounds. Losses of di- and tricyclic PAH may be complete, while loss 
of tetracyclics ranges from 25 - 85%. Loss of PAH from filters has been 
demonstrated for both high and low-volume sampling.
c) BaP is trapped effectively on a filter due to stabilisation if  the particle loading is 
high, but recovery is less than 100% on a lightly loaded filter. Use of BaP as an 
indicator substance for PAH yields misleading interpretations.
d) Ambient conditions affect PAH retention. Poor recovery of non-volatile PAH 
such as BaP is demonstrated for a temperature of 30°C, whereas recovery is good 
at 10 - 20°C. Summer air temperatures in excess of 30°C are commonplace in 
working areas of coke oven batteries in Australia.
e) Volatile PAH can be trapped effectively by using back-up traps. Polyurethane 
foam and polymeric adsorbents such as Tenax GC and XAD-2 are often used to 
trap the volatile compounds not retained by the filter. Polyurethane foam is less 
effective than other polymers in its adsorption and retention characteristics.
f) Cryogenic sampling techniques have been used infrequently for PAH in the air. 
Collection efficiency data are not given and practical considerations such as 
relatively large volumes of washings pose analytical problems.
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g) The passive dosimeter technique has been shown feasible for 5-ring PAH. Its use 
in practice has been for compounds with at least the volatility of pyrene. The 
passive dosimeter is an experimental device in this area of occupational hygiene.
h) PAH are shown to react with airborne contaminants during sampling, resulting in 
losses when determining individual PAH. Reactions with ozone, oxides of 
nitrogen and oxides of sulphur are demonstrated, although the extent of reaction is 
not clear.
i) Light catalysed oxidation causes loss of PAH during sampling and on storage. 
Shielding the sample from light radiation reduces the loss.
j) Losses of PAH occur on storage which are not due to exposure to light, but to 
surface effects on the filter. Of a series of filter types, Teflon gives consistently 
higher recoveries of a range of PAH.
k) Most sampling for airborne PAH-containing particles at coke ovens is carried out 
using personal sampling techniques. Standard procedures for low volume 
personal sampling require either a glass fibre filter (OSHA) or a Teflon membrane 
filter (NIOSH). A NIOSH procedure for measurement of polycyclic aromatic 
compounds requires an XAD-2 back-up in addition to the Teflon membrane to trap 
vapour losses from the filter.
2.9 Direction of research
The review of the literature on sampling airborne PAH indicated what was known about 
the chemical and physical nature of coke oven emissions. It showed that the standard 
techniques for sampling these emissions are inadequate, and a different approach was 
required to provide a sample suitable for chemical analysis. From the review the 
following research program was planned:
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a) Two by-products were chosen to be analysed qualitatively by gas chromatography 
and gas chromatography-mass spectrometry. These were coal tar (crude coke 
oven tar generated at Port Kembla) and BTX, the light aromatic oil product based 
on benzene, toluene and xylene. Both of these products are derived by extraction 
from the volatile substance evolved during coking. Logically, emissions are 
composed of these suites of compounds.
b) The review showed that the combination which most efficiently traps and retains 
both volatile and non-volatile compounds consists of a Teflon fibre filter followed 
by a macroreticular resin back-up. The most suitable resin must be chosen. 
XAD-2 has been proposed by NIOSH for coke oven emissions. Other resins 
which may prove successful are Bondapak C18/Porasil C and graphitised carbon. 
The criteria on which choice was to be based were the effectiveness of retention of 
volatile compounds and the ease of recovery of adsorbed compounds by solvent.
c) The product of this research was intended to be a personal sampler capable of 
allowing simultaneous collection o f particulate and volatile compounds. 
Additionally, the device should allow determination of a conventional BSF, if 
desired. The aim was to design a system containing a filter and adsorbent(s), 
using the smallest component sizes possible. The sampler was to operate at 2 L 
min-1, the recommended rate for sampling inhalable dust, to make it applicable to 
industries other than coke ovens, e.g., the aluminium smelting industry, where 
powdered pitch produced from coke ovens tar is used in electrodes.
d) Of the atmospheric pollutants, NO2, O3, SO2 and SO3, only ozone has been 
shown to significantly affect sampled PAH when present at the concentrations 
normally found in the air. Work would be undertaken to determine which PAH 
are reactive to ozone and to what extent quinones are formed.
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e) Pure PAH standards are expensive. The stability of standard PAH solutions 
would be determined to provide data about the longevity of these solutions for 
calibration purposes.
f) Samplers would be sent to other steel centres for analysis of emissions from coke 
ovens at those places. Attempts would be made to collect samples from an 
aluminium smelter and an oil refinery for an indication of the applicability of the 
technique to those industries.
g) Finally, the sampler would be used to collect environmental tobacco smoke (ETS), 
as increasing awareness of passive smoking hazards will create the need to sample 
for this substance.
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3. Choice of analytical method
The literature on analysis of PAH in various source samples is vast. Instrumental 
techniques range from chromatography (TLC, HPLC and capillary GC using either 
conventional or structure selective liquid crystalline stationary phases), to newer 
techniques such as luminescence spectroscopy and Fourier transform infra-red 
spectroscopy (Lee et al., 1981; Vo-Dinh, 1989). Innovative procedures such as 
sensitised fluorescence (Vo-Dinh and White, 1986) and room-temperature 
phosphorescence (Vo-Dinh, 1985) have been applied in developing personal dosimeters 
for PAH. Many of these techniques are not suitable for determining individual 
compounds. The only techniques which effectively lend themselves to measurement of 
the many compounds found in complex samples of coke oven emissions are the 
chromatographic procedures of high performance liquid chromatography (HPLC) and gas 
chromatography (GC). From the outset of this work, it was intended to use capillary gas 
chromatography as the analytical technique, a decision based on the following 
considerations.
3.1 HPLC characteristics
HPLC is popular for PAH determination because of its potential for measuring extremely 
low concentrations of these compounds in air samples. By combining detection methods 
of UV absorption and fluorescence, a high degree of specificity for individual compounds 
is possible. However, the columns used have limited resolving power, and extensive 
pre-analytical sample clean-up is required. Much of the sensitivity claims result from pre­
concentration of samples, a step which should be avoided if volatile compounds are 
present, as in the case of coke oven emissions. Experience with the technique shows that 
for PAH, real samples produce poorly resolved peaks on rising baselines even though 
standard mixtures produce chromatograms with an acceptable degree of resolution 
between peaks. Proper integration of these peaks in real samples is a matter of 
guesswork, and results must be suspect. A draft Australian Standard (Draft No.
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C H /19/88-5) was rejected because of the poor peak definition and inadequate 
chromatography offered by HPLC. Figure 3.1 shows an HPLC chromatogram of PAH 
in an air sample containing coke oven emissions. Accurate determination of retention 
time is difficult because of broad peaks, making proper placement of the baseline and 
positive identification of compounds impossible.
F igure  3.1 HPLC chromatogram of PAH from a coke oven source
The detector response to each PAH compound varies, being dependent on structural 
differences in the PAH molecules. Confident measurement can only be made of those 
compounds for which reference compounds are available, and for which response factors 
can be determined. This is very limiting when measurement of the wide range of 
compounds in coke oven emissions is required.
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HPLC is not suited to measurement of volatile and gaseous components of coke oven 
emissions at the same time as measurement of PAH, and so any analysis requiring total 
vapour and particulate organic compounds would necessitate use of other techniques.
3.2 GC characteristics
Modem bonded-phase capillary GC columns offer a degree of resolving power for 
complex mixtures which is unsurpassed by any other technique. The main limitation in 
the application of capillary GC to air pollution studies is its lack of sensitivity. The 
capillary column has a low internal volume, giving it a low sample capacity. In HPLC, 
injections of 25|il are common but in capillary GC a typical injection of lp.1 of sample is 
made, and this is split so that one tenth or less of this actually enters the column. To 
achieve a useful signal from the detector, analyte concentrations must be significantly 
higher than in samples submitted to HPLC analysis.
The low column capacity has the positive effect of reducing peak width and peak tailing, 
largely because of the small sample size. Capillary columns are very long, and even 
peaks with minute differences in retention time can exhibit baseline resolution, due to the 
small peak width. For coke oven emissions, capillary GC offers a means of determining 
a large number of compounds in one analysis, an option not available with HPLC.
The detector in common use for GC analysis of organic compounds is the flame 
ionisation detector (FID). This detector responds to the mass of component being 
detected, and is able to respond to very small masses, e.g., picogram quantities. The 
detector has a wide linear dynamic range so that a linear response is obtained for up to six 
orders of magnitude change in component mass injected. The FID response is 
determined by the carbon and hydrogen content of the molecule, particularly the H/C 
ratio. So for a series of compounds of the same class (e.g., PAH), similar response 
factors are expected for all compounds, allowing the measurement of compounds for 
which standards are not available.
37
Since the sample concentration for the GC needs to be relatively high, where samples are 
generated by solvent extraction of filters or adsorbents, concentrations can be maximised 
by keeping the size of the filter and the volume of adsorbent beds to a minimum, and by 
using small amounts of solvent. Concentration of samples by evaporation of solvent 
should be avoided unless it can be demonstrated that components are not themselves lost 
by evaporation.
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4. Characterisation of coke oven by-products
Previous analysis of BSF residues by gas chromatography (Kirton, 1982) has shown that 
major components of coke oven emissions at Port Kembla are PAH of 3- to 5-rings. 
This work was performed using a packed, liquid crystal column, developed for 
separation of PAH isomers (Janini et al., 1976). Determination of the minor components 
constituting the fine structure of the gas chromatogram was not possible using this 
technique.
Capillary gas chromatograms were generated by analysis of coal tar and BSF residues 
redissolved in carbon disulphide and are shown in Figure 4.1. The similarity between 
BSF and coal tar was obvious, as was the fact that volatile components were missing 
from BSF samples. Figure 4.1b and 4.1c also illustrate the retention of semi-volatile 
components, e.g., phenanthrene, by highly loaded filters and the loss of this compound 
from lightly loaded filters. The observation supports reports from others, e.g., Lao and 
Thomas (1980), that substantial loss of some PAH occurs by evaporation during 
sampling when the filter loading is low.
To provide an indication of the range of volatile components of coke oven emissions (the 
components lost when sampling by filter alone), a sample of fumes evolved from BHP's 
No.7A battery at Port Kembla was collected. The sampling device (Figure 4.2) consisted 
of a Teflon filter, XAD-2 tube and charcoal tube in series. The NIOSH procedure, 
method 5515 (NIOSH, 1984), recommends a filter - XAD-2 arrangement; the charcoal 
was added to trap volatiles which may pass through the XAD-2. Benzene, toluene and 
naphthalene were found in high concentration, and large amounts of PAH such as 
phenanthrene were recovered from the adsorbent XAD-2. Peaks corresponding to many 
other volatile compounds were seen but not identified. Table 4.1 gives the masses of the 
main identified components for which standards were available, and shows the high 
concentration of volatile species relative to PAH.
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Figure 4.1 Gas chromatograms comparing redissolved BSF residues
and coal tar
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Direction of air flow
(and support) Cassette
Figure 4.2 Arrangement for preliminary sample of 7A battery emissions
Table 4.1 Analysis of major components of No.7A battery emissions (|ig)
Compound Teflon filter Support XAD-2 Charcoal Total gg
Benzene 0 0 0 1869 1869
Toluene 0 0 0 996 996
Indene 0 0 15 270 285
Naphthalene 0 0 168 1187 1355
2-methylnaphthalene 0 0 169 400 569
1 -methylnaphthalene 0 0 68 169 237
Biphenyl 0 0 123 33 156
Acenaphthylene 0 0 178 230 408
Acenaphthene 0 0 9 0 9
Dibenzofuran 0 0 109 0 109
Fluorene 14 6 229 0 249
Phenanthrene 121 38 259 0 418
Anthracene 50 15 89 0 154
Carbazole 37 15 17 0 69
Fluoranthene 104 40 36 0 180
Pyrene 69 24 22 0 115
Benz(a)anthracene 60 19 0 0 79
Chrysene 50 18 0 0 68
B(b)F + B(j)F 27 9 0 0 36
Benzo(k)fluoranthene 24 6 0 0 30
Benzo(e)pyrene 20 10 0 0 30
Benzo(a)pyrene 32 12 0 0 44
Perylene 5 2 0 0 7
The total mass of material sampled for BSF measurement or in the more effective 
collection procedure outlined above is less than 1 mg. Detailed characterisation using
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such a small sample size is difficult and a more copious source of compounds which may 
be found in emissions was sought. Two main coke oven by-products derived directly 
from the gases evolved during coking were chosen for characterisation. These were 
crude coke oven tar and the light aromatic distillate, BTX.
4.1 Coke oven tar (coal tar)
4.1.1 Literature on coal tar characterisation
Coal tar has been widely studied and reported in the literature. Wise et a l  (1988a) have 
characterised the PAH content of coal tar and produced a Standard Reference Material 
(SRM) for the National Institute of Standards and Technology (NIST). Borwitsky and 
Schomburg (1979) used GC-MS to identify more than 140 components (largely PAH) in 
coal tar and produced typical gas chromatograms for reference. Novotny et a l  (1981) 
used a class separation procedure before providing detailed chromatography of the 
neutral, acidic and basic fractions. The neutral section was further separated into PAH, 
aliphatic and neutral polar compounds.
The work of Novotny et a l  (1981) demonstrates that most components of coal tar, even 
those containing acidic, basic or aliphatic groups are aromatic. For example, the aliphatic 
portion consists mainly of dimethyl-, trimethyl- or ethyl-PAH. Included also are 
compounds such as acenaphthene, a partially hydrogenated PAH. The acidic fraction 
consists of alkyl-substituted phenols, naphthols and OH-substituted 3-ring PAH. The 
bases are mainly quinolines and the neutral polar fraction consists of indole, carbazole 
and substituted derivatives of these. The work found that there was an "overwhelming 
abundance" of PAH compounds in the coal tars studied (Novotny et a l, 1981).
4.1.2 Retention Indices
The "Lee system" of retention index (RI) is often used as a guide to identification of 
components in a complex mixture of PAH. This method (Lee et a l,  1979) was 
developed to solve problems which can occur with the Kovats RI system. In the Kovats
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system, the retention time of the unknown is compared with the retention times of a series 
of homologous n-alkanes. When the chemical nature of the unknown is different from 
that of n-alkanes, as is the case for PAH, the degree of reproducibility of the calculated RI 
may vary. The calculated RI is dependent on a number of column characteristics, such as 
inconsistencies in stationary phase polarity. The Lee system compares the retention time 
of individual PAH to that of four reference compounds; naphthalene, phenanthrene, 
chrysene and picene. Here the calculated retention index is independent of any polarity 
variations between stationary phase lots, and, for a given column oven temperature 
program and carrier gas flow rate, will give exactly repeatable results between 
laboratories. The Lee system provides a reliable means for identification of unknown 
PAH is a mixture. The general formula for calculation of Lee RI's is:
RIU = 100 x Til - Tz_ + 100 x Z
T(z+i) - Tz
where Z and Z+l are the numbers of aromatic rings in the bracketing standards, Tz and 
T(z+i) are the retention times of the bracketing standards and Tu is the retention time of 
the unknown.
Lee retention indices have been reported for many of the components of coal tar using 
either helium (Lee et al., 1979; Wise et a l, 1988a) or hydrogen (Vassilaros et a l, 1982, 
Rostad and Periera, 1986) as carrier gas. All of these workers used temperature 
programs which generated reproducible RI’s for components ranging from indene as the 
most volatile to anthanthrene as the least volatile.
4.1.3 Coal tar from Port Kembla
A sample of coal tar was taken from No.7 decanter at the No.2 by-products plant at BHP 
Port Kembla. This tar is produced by condensation of vapours evolved during coking, 
the condensation occurring on the coke oven battery itself. After the tar has formed in the 
’’collector" main, it is flushed directly into the tar decanters, where water is separated.
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Crude coke oven tar is a valuable by-product which finds use in a variety of applications, 
or which is further refined into naphthalene, creosote, anthracene oil, pitch, etc.
4.1.4 Gas chromatography of coal tar
A solution of No.7 decanter tar in carbon disulphide was analysed by GC-FID. 
Chromatograph conditions are listed in Table 4.2. The resulting chromatogram is shown 
in Figure 4.3b. This chromatogram was acquired using instrument conditions similar to 
one produced by Wise (Wise et al., 1988a) (Figure 4.3a) and the two were compared for 
a preliminary identification of major components. There was obvious similarity between 
the chromatogram of Port Kembla coal tar and the one published by Wise, which is 
typical of other published coal tar chromatograms. This analysis resulted in tentative 
identification of 54 components of the tar, these components being listed in Table 4.3. 
Some of these identifications were confirmed with pure standards. The confirmed 
components are indicated with an asterisk in Table 4.3. Retention indices were calculated 
for all components, and used to support the identifications. These identifications relate 
only to the major peaks of the chromatogram, and GC-MS was applied to identify the 
minor components, and to confirm previous assignments.
Table 4.2 Coal tar retention indices - Gas chromatograph conditions
Instrument 
Column 
Column length 
Column diameter 
Film thickness 
Carrier gas 
Flow rate
Initial column temperature 
Final column temperature 
Column heating rate 
Detector hydrogen flow 
Detector air flow 
Sample solvent
Van an model 3700 
BP-5 capillary 
25 metres 
0.22 mm I.D.
0.1 mm
Hydrogen
85 cm sec-1
40°C (hold for 2 min)
300°C (hold for 5 min)
4°C min-1
25 mL min-1
300 mL min-1
Carbon disulphide
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Figure 4 3 a  FID chromatogram of coal tar
(from Wise et a l 1988a)
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Figure 43b  FID chromatogram of coal tar from Port Kembla
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4.1.5 Direct insertion mass spectrometry (DI-MS) of coal tar
An observation of coal tar gas chromatograms (e.g., Figure 4.3) was that for increasing 
molecular weight of eluted components the peak magnitude decreased. It was necessary 
to establish whether this was due to high-boiling compounds being lost by injector 
discrimination or being retained by the column or whether this was an accurate 
representation of the relative proportions of high-boiling components of the tar.
Table 4.3 Compounds in coal tar identified from literature (Wise et a i, 1988a)
Peak Compound Ref. Peak Compound Ref.
1 naphthalene * 28 benzo(a)fluorene *
2 benzo(b)thiophene 29 benzo(b)fluorene *
3 2-methylnaphthalene * 30 1-methylpyrene
4 1 -methylnaphthalene * 31 benzo(b)naphtho(2, l-d)thiophene
5 biphenyl * 32 benzo(ghi)fluoranthene
6 acenaphthylene * 33 benzo(c)phenanthrene
7 acenaphthene * 34 benzo(b)naphtho( 1,2-d)thiophene
8 dibenzofuran * 35 benzo(b)naphtho(2,3-d)thiophene
9 fluorene * 36 cyclopenta(cd)pyrene
10 2-methylfluorene 37 benz(a)anthracene *
11 1-methylfluorene 38 chrysene/triphenylene *
12 methylfluorene 39 benzo(b)fluoranthene *
13 dibenzothiophene 40 benzo(j)fluoranthene *
14 phenanthrene * 41 benzo(k)fluoranthene *
15 anthracene * 42 benzo(a)fluoranthene
16 carbazole * 43 benzo(e)pyrene *
17 3-methylphenanthrene 44 benzo(a)pyrene *
18 2-methylphenanthrene 45 perylene *
19 2-methylanthracene 46 indeno(7123-cdef)chrysene
20 4H-cyclopenta(def)phenanthrene 47 dibenz(a,j)anthracene
21 4- and 9-methylphenanthrene 48 indeno( 123-cd)pyrene *
22 1 -methylphenanthrene 49 dibenz(a,h)anthracene *
23 fluoranthene * 50 pentaphene
24 acephenanthrylene 51 benzo(b)chrysene
25 phenanthro(45-bcd)thiophene 52 picene
26 pyrene * 53 benzo(ghi)perylene *
27 4H-benzo(def)carbazole 54 anthanthrene
Mass spectrometry of the tar sample was performed in the direct insertion mode to verify 
the relative amounts of the different molecular weight (MW) groups. This work was 
carried out using a Matt-44 mass spectrometer, scanning masses from 200 to 600 daltons. 
In this technique the sample, held in a small silica tube, was introduced directly into the 
source via a probe. The probe temperature was raised at a programmed rate to 200°C
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F ig u re  4.4 DIM S of coal tar. (a) Total ion current plot, (b) M ass spectrum  of 
scan #60. (c) Mass spectrum of scan #180.
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under the high vacuum conditions o f the mass spectrometer, causing complete 
evaporation of the sample. The silica tube was examined after the run to confirm that the 
entire sample had distilled into the source.
Table 4.4 Abundance of PAH in coal tar
by DI-MS and GC-FID (relative to MW 228)
Molecular Abundance Abundance
W eight relative to relative to
MW 228 MW 228
(DI-MS) (GC-FID)
178 3.97 3.82
202 3.50 3.50
228 1.00 1.00
252 1.37 1.27
276 0.45 0.51
278 0.20 0.16
302 0.32 0.38
326 0.21
350 0.09
376 0.06 # ,
400 0.015
424 0.006 . .
450 0.002 • •
Figure 4.4a shows the total ion current plot for scans 4 to 200, the range over which 
PAH were being evolved from the sample. The mass spectrum at the point of highest 
intensity, scan number 60 (Figure 4.4b), shows the presence of PAH of molecular 
weight 202 to 326. The raw ion current at this point was 33227 units. A mass spectrum 
at the end of the run (scan number 180), when the least volatile material might be detected 
(Figure 4.4c), shows a very small amount of mass 452, which was the highest mass 
detected. The raw ion current for this scan was only 2466 units. Table 4.4 shows the 
distribution of the main PAH groups by mass intensity of the molecular ion obtained by 
DI-M S and by GC-FID, compared to the intensity o f the 228 (chrysene and 
benz(a)anthracene) group. The 326 MW group was able to be seen on the chromatogram 
by extending the hold time at the temperature program upper limit, but poor peak shape 
made quantitation difficult. Components of tar of MW >326 could not be determined 
under the GC conditions used, but, from Table 4.4, these are present in very small
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amounts and may not be significant in terms of coke oven emissions. All of this evidence 
suggested that the profile of coal tar components generated by gas chromatography was a 
true representation of the actual PAH content of the coal tar sample.
4 .1 .6 GC-MS of coal tar
GC-MS analysis, using a Varian 3700 GC coupled to the Matt-44 mass spectrometer, 
was applied to the coal tar sample. Mass spectrometry alone is not a definitive tool for 
PAH identification. The molecular ion is, in general, the base peak. Other ions are M -l 
and M-2 (intensity, M -l < M-2), M-CHX (where X is CH, N , NH, O or S) and the 
doubly charged M/2e and (M-CHX)/2e. Methyl substituted PAH and ring systems 
containing a benzylic carbon (e.g., fluorene, 4H-cyclopenta(def)phenanthrene) exhibit an 
M -l ion of greater intensity than M-2 and this can be diagnostic of these compounds. N- 
containing PAH are readily identifiable by odd-numbered molecular weights and S- 
containing PAH exhibit M-32 and M-33 ions. This pattern is common to isomers and 
differentiation between isomers is not possible by MS.
Identifications were assigned to 182 peaks on the chromatogram of coal tar by correlation 
of GC-MS results, published data (Novotny et a l, 1981, Wise et a l, 1988a) and the use 
of pure standards. In every case, PAH and structurally related heterocyclic PAH 
exhibited the same retention order (O-PAH, C-PAH, S-PAH, N-PAH). This observation 
aided in peak identification. Calculated retention indices were used in conjunction with 
mass spectrometric data to confirm identifications.
PAH containing a five-membered ring always eluted from the column before PAH of the 
same molecular weight containing only 6-membered rings. For example, fluoranthene 
eluted before pyrene (MW 202), the benzofluoranthenes before the benzopyrenes (MW 
252) and indeno(123,cd)pyrene before benzo(ghi)perylene (MW 276). This observation
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Figure 4.5a Gas chromatogram of M W  302 com pounds 
(from W ise et al., 1988b)
For peak identification refer to Table 4.5
A
B
I I
302 group 326 group
Figure 4.5b Gas chromatograms o f M W  302 and M W  326 
compounds in coal tar from Port Kembla
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Table 4.5 Compounds of molecular weight 302
(Wise et al., 1988b)
GC Peak 
(Fig. 10)
MW Identification
3 302 unknown
4 302 dibenzo(b,e)fluoranthene
5 302 naphtho( 1,2-k)fluoranthene
6 302 dibenzo(bJc)fluoranthene
7 302 unknown
8 302 naphtho(2,3 -k)fluoranthene
9 302 naphtho(2,3-e)pyrene
10 300 unknown (coronene?)
11 302 dibenzo(a,e)pyrene
12 302 dibenzo(e,l)pyrene
13 302 naphtho(2,1 -a)pyrene 
benzo(b)perylene
14 302 dibenzo(2,3-a)pyrene
15 302 dibenzo(a,i)pyrene
16 302 dibenzo(aJi)pyrene
was extended to the 302 MW group (for which reference compounds were not available). 
The section of the GC-FID trace containing these compounds is reproduced in Figure 
4.5. The A group of compounds in Figure 4.5 were predicted to be dibenzofluoranthenes 
(containing a 5-membered ring) while the B group were predicted to be dibenzopyrenes 
(all 6-membered rings). This group has recently been researched (Wise et al., 1988b), 
and the work supports the prediction. Identifications for peaks numbered in Figure 4.5 
are listed in Table 4.5. The observation can be extended also to the 326 MW group, for 
which chromatography is difficult and reference compounds not available, to indicate the 
general nature of the compounds present. The distribution of peaks from compounds of 
MW 326 is similar to the 302 group, although less well defined (see Figure 4.5).
Tables 4.6 and 4.7 give the full list of compounds identified in coal tar, their molecular 
weights, retention indices for hydrogen and helium carrier gas and published retention 
indices for comparison. Retention indices were calculated using picene as the fourth
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bracketing standard as specified by Lee et al., (1979). Because picene is a minor 
constituent of coal tar and its retention time cannot always be determined, a neighbouring 
major peak, due to benzo(ghi)perylene, was chosen as an alternative. Retention indices 
using both compounds are shown in Tables 4.6 and 4.7.
f- 01.
Figure 4.6 Capillary gas chrom atogram  o f coal tar from Port Kembla 
obtained by using H2 as carrier gas 
For peak identification refer to Table 4.6 
For GC conditions refer to Table 4.2
U\to
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Table 4.6 Retention indices of components of coal tar identified by GC-MS and
reference compounds - Hydrogen carrier gas
Numbering refers to peaks in Figure 4.6
No. R.T. Com pound M.W.
R. Index 
H2
(picene)
R. Index 
H2
(BghiP)
Published 
R.I. 
Ref. A
Published 
R.I. 
Ref. B
1 5.527 mcsitylcne 120 162.19 162.19
2 6.338 phenol 94 166.59 166.59
3 6.067 benzonitrile 103 165.12 165.12
4 6.240 pseudocum ene 120 166.05 166.05
5 6.438 m ethylstyrene - 118 167.13 167.13
6 6.600 benzofuran 118 168.01 168.01
7 7.110 hem im ellitene 120 170.77 170.77
8 7.513 indan 118 172.96 172.96
9 7.782 indene 116 174.42 174.42
10 8.618 o-cresol 108 178.95 178.95
11 8.710 benzeneacetonitrile 117 179.45 179.45
12 9.380 m- + p-CTesol 108 183.09 183.09
13 ' 9.670 ethylstyrene 132 184.66 184.66
14 9.870 m ethylbenzofuran 132 185.74 185.74
15 10.000 dim ethylphenol 122 186.45 186.45
16 11.390 dimethylphenol 122 193.99 193.99
17 11.590 m elhylindene ■ 130 195.07 195.07
18 11.800 methylindene 130 196.21 196.21
19 11.920 dim ethylphenol 122 196.86 196.86
20 12.498 naphthalene 128 200.00 200.00 200.00 200.00
21 12.747 benzo(b)thiophene 134 201.35 201.35 201.29 201.43
22 14.545 quinoline 129 211.10 211.10
23 15.300 isoquinoline 129 215.20 215.20
24 15.950 methylbenzo(b)thiophene 148 218.73 218.73
25 16.512 indole 117 221.77 221.77
26 16.210 2-m ethylnaphthalene 142 220.14 220.14 220.47 220.22
27 16.500 mcthylbcnzo(b)lhiophcnc 148 221.71 221.71
28 16.745 1-melhylnaphLhalcne 142 223.04 223.04 223.42 223.01
29 16.900 methylquinoline 143 223.88 223.88
30 18.340 methylquinoline 143 231.69 231.69
31 19.120 biphenyl 154 235.92 235.92 236.39 236.44
32 19.540 2-clhylnaphlhalenc . 156 238.20 238.20 238.55
33 19.862 dimethylnaphthalene 156 239.95 239.95 240.28
34 20.110 unknown (1-vinylnaphthalene?) 154 241.29 241.29
35 20.333 dim ethylnaphthalene 156 242.50 242.50 242.77
36 20.420 dim ethylnaphthalene 156 242.97 242.97 243.30
37 20.678 2-vinylnaphthalcnc 154 244.37 244.37
38 20.940 dim ethylnaphthalene 156 245.79 245.79 246.03
39 21.030 dim ethylquinolinc 157 246.28 246.28
40 21.260 acenaphthylene 152 247.53 247.53 247.65 246.92
41 21.430 dim ethylnaphthalene 156 248.45 248.45 248.50
42 22.540 m ethylbiphenyl 168 254.47 254.47 255.41
43 22.312 acenaphthene 154 253.24 253.24 253.67 253.14
44 22.770 m ethylbiphenyl 168 255.72 255.72 256.69
45 23.000 cyanonaphthalene 153 256.97 256.97
46 23.325 dibenzofuran 168 258.73 258.73 259.07 258.77
47 23.575 trim ethylnaphthalene 170 260.09 260.09 261.50
Table 4.6 (cont.) Retention indices of components of coal tar identified by GC-MS and
reference compounds - Hydrogen carrier gas
Numbering refers to peaks in Figure 4.6
No. R.T. Com pound M.W.
R. Index 
112
(picene)
R . Index 
112
(BghiP)
Published 
R.I. 
Ref. A
Published 
R.I. 
Ref. B
48 23.675 trimethylnaphthalene 170 260.63 260.63 262.13
49 23.815 diphenylm ethane 168 261.39 261.39
50 24.155 trim ethylnaphthalene 170 263.23 263.23
51 24.345 trimethylnaphthalene 170 264.26 264.26
52 24.760 lH -phenalene _ „ 166 266.51 266.51
53 25.140 benzindene 166 268.58 268.58
54 25.333 fluorcnc 166 269.62 269.62 269.94 269.73
55 25.687 m clhyldibcnzofuran 182 271.54 271.54
56 25.817 m ethyldibenzofuran 182 272.25 272.25
57 25.907 benzindene 166 272.74 272.74
58 26.347 meth y ldiben zofuran 182 275.12 275.12
59 26.533 benzindene 166 276.13 276.13
60 ' 26.843 meth y ldi ben zofuran 182 277.81 277.81
61 27.165 m ethyldibenzofuran 182 279.56 279.56
62 28.725 2-m ethylfluorene 180 288.02 288.02 288.29 288.42
63 28.883 1-methylfluorene 180 288.88 288.88 289.14 289.20
64 29.190 dimethyldibenzofuran 196 290.55 290.55
65 29.202 methylfluorene 180 290.61 290.61 290.78 290.83
66 29.815 dimethyldibenzofuran 196 293.94 293.94
67 29.815 m ethylfluorene 180 293.94 293.94
68 29.947 dim ethyldibenzofuran 196 294.65 294.65
69 29.947 m ethylfluorene 180 294.65 294.65
70 30.127 dibenzothiophene 184 295.63 295.63 295.59 295.39
71 30.302 dimethyldibenzofuran 196 296.58 296.58
72 30.933 phcnanlhrcnc 178 300.00 300.00 300.00 300.00
73 31.148 anthracene 178 301.34 301.34 301.38 301.08
74 31.535 acridine 179 303.75 303.75 304.04
75 31.948 trimcthyldibcnzofuran 210 306.32 306.32
76 32.158 phenanthridine 179 307.63 307.63 307.94
77 32.665 carbazole 167 310.79 310.79 310.35 311.71
78 32.855 trimethyldibenzofuran 210 311.97 311.97
79 32.980 lII-benz(de)isoquinoline 167 312.75 312.75
80 33.005 4-m ethyldibenzo thiophene 198 312.90 312.90 312.72
81 33.178 1-phenylnaphthalene 204 313.98 313.98
82 33.403 m ethyldibenzothiophene 198 315.38 315.38 315.61
83 33.960 3-methylphenanlhrene 192 318.85 318.85 318.93 319.19
84 34.098 2-m ethylphenanthrene 192 319.71 319.71 319.76 319.93
85 34.228 2-m ethylanthracene 192 320.52 320.52 321.14
86 34.460 4H-cyclopenta(def)phenanthrene 190 321.96 321.96 321.96 321.77
87 34.620 4- /  9-methylphenanthrene 192 322.96 322.96 322.78 322.81
88 34.710 1-m ethylphenanthrene 192 323.52 323.52 323.52 323.64
89 35.445 m ethylcarbazole 181 328.10 328.10 328.81
90 35.578 m ethylcarbazole 181 328.92 328.92 329.61
91 36.013 2-phenylnaphthalene 204 331.63 331.63 332.64
92 36.843 dim ethylphenanthrene /  anthracene 206 336.80 336.80
93 37.009 dim ethylphenanthrcne /  anthracene 206 337.84 337.84
94 37.073 dim ethylphenanthrene /  anthracene 206 338.23 338.23
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Table 4.6 (cont.) Retention indices of components of coal tar identified by GC-MS and
reference compounds - Hydrogen carrier gas
Numbering refers to peaks in Figure 4.6
No. R.T. Com pound M.W.
R. Index 
112
(picene)
R . Index 
H2
(BghiP)
Published 
R .I. 
R ef. A
Published 
R.I. 
Ref. B
95 37.507 dimethylphenanthrene /  anthracene 206 340.94 340.94
96 37.640 vinylanthracene /  phenanlhrene 204 341.76 341.76
97 37.640 dim ethylphenanthrene /  anthracene 206 341.76 341.76
98 37.740 vinylanthracene /  phenanthrene 204
99 37.773 dimethylphenanthrene /  anthracene 206 342.59 342.59
100 37.850 dimethylphenanthrene /  anthracene 206
101 38.080 fluoranthene 202 344.50 344.50 344.49 344.51
102 38.400 m cthylphcnylnaphthalcnc 218 346.50 346.50
103 38.613 acep henan thr y lene 202 347.82 347.82 347.82 347.67
104 38.827 phenanthro(4,5-bcd)thiophene 208 349.16 349.16 349.17 348.75
105 39.012 aceanthrylene 202 350.31 350.31
106 39.260 pyrene 202 351.85 351.85 351.91 351.51
107 ' 39.523 m ethylphenylnaphthalene 218 353.49 353.49 353.88
108 39.920 benzo(b)naphthofuran 218 355.96 355.96 356.18
109 40.267 benzo(b)naph thofuran 218 358.12 358.12 358.48
110 40.400 4-azapyrene 203 358.95 358.95 357.94
111 40.780 benzo(b)naphlhofuran 218 361.32 361.32 361.43
112 40.978 m ethylfluoranthene /  mcthylpyrene 216 362.55 362.55 362.76
113 41.170 41I-benzo(dcf)carbazolc 191 363.75 363.75 363.42 363.92
114 41.418 m ethylfluoranthene /  mcthylpyrene 216 365.29 365.29 365.42
115 41.610 benzo(a)fluorene 216 366.49 366.49 366.54 366.72
116 42.012 benzo(b)fluorene 216 368.99 368.99 369.05 369.40
117 42.020 methylpyrene 216 369.04 369.04
118 42.200 unknown 232 370.16 370.16
119 42.450 m ethylfluoranthene /  mcthylpyrene 216 371.72 371.72
120 42.582 m ethylfluoranthene /  mcthylpyrene 216 372.54 372.54 372.49
121 42.720 1-m ethylpyrene 216 373.40 373.40 373.72 373.45
122 43.005 m ethylfluoranthene /  methylpyrene 216 375.17 375.17 374.68
123 44.207 meth y lben zfl uorenc 230 382.66 382.66
124 44.385 meth y lbenzfl uorene 230 383.77 383.77
125 44.727 meth ylbenzfluorene 230 385.90 385.90
126 44.805 m ethylbenzfluorene • 230 386.38 386.38
127 45.250 benzo(b)naphtho(2,l-d)thiophcne 234 389.15 389.15 389.16 389.09
128 45.427 bcnzo(ghi)fluoranthene 226 390.25 390.25 390.28 389.92
129 45.540 benzo(c)phenanthrene 228 390.96 390.96 391.07 391.24
130 45.772 benz(c)acridine 229 392.40 392.40 392.60
131 45.680 benzo(b)naphtho(l,2-d)thiophene 234 391.83 391.83 392.51 392.59
132 46.280 benzo(b)naphtho(2,3-d)thiophene 234 395.57 395.57 395.59 395.61
133 46.543 cyclopenta(cd)pyrene 226 397.20 397.20 397.15 396.55
134 46.770 ben z(a)an thracene 228 398.62 398.62 398.69 398.76
135 46.992 chrysene + triphenylcne 228 400.00 400.00 400.00 400.00
136 47.212 benzocarbazole 217 401.57 401.55
137 47.400 benzacridine 229 402.92 402.88
138 47.500 naphthacene 228 403.63 403.59
139 48.463 benzanthrone 230 410.52 410.38
140 47.923 m cthylbcnzonaphthoihiophcnc 248 406.66 406.57
141 48.020 mcthylB(a)A  /  chrysene 242 407.35 407.25
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Table 4.6 (cont.) Retention indices of components of coal tar identified by GC-MS and
reference compounds - Hydrogen carrier gas
Numbering refers to peaks in Figure 4.6
No. R.T. Com pound M.W.
R. Index 
H2
(picene)
R . Index 
H2
(BghiP)
Published 
R .I. 
Ref. A
Published 
R.I. 
Ref. B
142 48.270 benzocarbazole 217 409.14 409.02
143 48.590 benzocarbazole 217 411.42 411.28
144 49.250 m ethylB(a)A  /  chrysene 242 416.14 415.94
145 49.400 methylB(a)A  /  chrysene 242 417.21 416.99
146 49.660 mcthylB(a)A /  chrysene - 242 419.07 418.83
147 49.779 1111-benz(b,c)accan thrylcne 240 419.92 419.67
148 49.990 411-cyclopenta(def)chrysene 240 421.43 421.16
149 50.118 41 l-cyclopcnta(dcf)triphcny lene 240 422.35 422.06
150 50.530 binaphthalene 254 425.29 424.97
151 53.007 benzo(b) fl uoran thene 252 443.00 442.45 443.11 443.13
152 53.040 bcnzo(i)fluoranthcnc 252 443.24 442.68 443.64 443.13
153 53.082 benzo(k)iluoran thene 252 443.54 442.98 444.06 444.02
154 ' 53.540 benzo(a) fluoranthene 252 446.81 446.21 446.88
155 53.950 m elhylbinaphthalene 268
156 54.365 benzo(e)pyrene 252 452.71 452.03 452.70 452.29
157 54.610 bcnzo(a)pyrcne 252 454.46 453.76 454.57 454.02
158 55.055 perylene 252 457.64 456.90 457.63 457.17
159 55.450 m ethylbenzfluoranth/benzpyrene 266 460.47 459.69
160 55.783 meth y 1 benzfl uoran th/ben zpyrene 266 462.85 462.04
161 56.100 m ethylbenzfluoranth/benzpyrene 266 465.11 464.28
162 56.253 m ethylbenzfluoranth/benzpyrene 266 466.21 465.36
163 56.457 m ethylbenzfluoranth/benzpyrene 266 467.67 466.80
164 59.720 indeno(7,l,2,3-cdef)chrysene 276 490.99 489.82
165 59.827 dibenz(a,j)anthraccne 278 491.76 490.58
166 60.130 indcno(l,2 ,3-cd)pyrcne 276 493.92 492.72 493.88 493.24
167 60.387 dibcnz(a,h)anthraccnc 278 495.76 494.53 495.92 496.20
168 60.487 pcnlaphcne 278 496.48 495.24 496.83
169 60.807 benzo(b)chryscnc 278 498.76 497.49 498.84 498.90
170 60.980 piccne 278 500.00 498.72 500.00 500.00
171 61.162 benzo(ghi)pcry!cne 276 501.30 500.00 501.38 500.29
172 61.720 anthanthrene 276 505.29 503.94 505.29 504.10
173 65.451 dibcnzo(b,e)fluoranthene 302 532.07 530.13
174 65.874 naphtho(l,2-k) fluoranthene 302 535.25 533.26 536.99
175 66.202 dibenzo(b,k)fluoranthene 302 537.59 535.57
176 66.350 unknown 302 538.65 536.61
177 66.765 naphtho(2,3-k)fluoran thene 302 541.62 539.54
178 67.269 naphtho(2,3-e)pyrene 302 545.24 543.10
179 67.506 coronene 300 546.93 544.77 549.07
180 67.777 dibenzo(a,e)pyrene 302 548.86 546.68
181 67.877 dibenzo(e,l)pyrene 302 549.59 547.39
182 68.247 dibenzo(2,3-a)pyrene 302 552.24 550.00
References: (A) W ise et al., (1988a) Reference compounds: naphthalene, phenanthrene, chrysene, picene
(B) Vassilaros e t al., (1982) Reference com pounds: naphthalene, phenanthrene, chrysene, picene
Table 4.7 Retention indices of components of coal tar identified by GC-MS
and reference compounds - Helium carder gas
R .T. Com pound M.W.
R. Index 
He
(picene)
R. Index 
He
(BghiP)
Published 
R.I. 
Ref. A
Published 
R.I. 
Ref. B
9.820 m esitylene 120 158.78 158.78
10.533 phenol 94 162.39 162.39 156.32
10.477 benzonitrile 103 162.10 162.10
10.727 pseudocum ene 120 163.37 163.37
10.727 m ethylstyrene 118 163.37 163.37
10.847 benzofuran 118 163.97 163.97 160.51
11.767 hem im ellitene 120 168.62 168.62
12.267 indan 118 171.15 171.15 168.87
12.600 indene 116 172.84 172.84 170.83
13.027 o-cresol 108 174.99 174.99 172.86
13.553 benzeneacetonitrile 117 177.65 177.65
13.820 m- + p-cresol 108 179.00 179.00 176.95
14.473 ethyls tyrene 132 182.31 182.31
14.620 m ethylbenzofuran 132 183.05 183.05
14.953 dim ethylphenol 122 184.73 184.73
16.547 dim cthylphenol 122 192.79 192.79
16.550 m ethylindene 130 192.81 192.81
16.773 m ethylindene 130 193.93 193.93
17.360 dim cthylphenol 122 196.90 196.90
17.973 naphthalene 128 200.00 200.00 200.00 200.00
18.227 benzo(b)thiophene 134 201.28 201.28 201.47 201.84
20.040 quinoline 129 210.45 210.45 209.70 210.32
21.107 isoquinoline 129 215.84 215.84 215.61 214.41
21.773 m cthylbcnzo(b)thiophcnc 148 219.21 219.21 218.74
21.870 indole 117 219.70 219.70 205.26 220.80
21.967 2-m clhylnaphlhalcnc . 142 220.19 220.19 218.14 221.57
22.280 m ethylbcnzo(b)thiophene 148 221.77 221.77 221.02
22.573 1-m ethylnaphthalene 142 223.26 223.26 221.04 224.53
22.853 m ethylquinoline 143 224.67 224.67 223.02 223.94
24.193 m cthylquinoline 143 231.45 231.45 229.82 232.62
24.940 biphenyl 154 235.22 235.22 233.96 236.59
25.447 2-elhylnaphthalene ■ 156 237.79 237.79 236.08 239.27
25.820 dim elhylnaphthalcne 156 239.67 239.67
26.080 unknown (1-vinylnaphthalene?) 154 240.99 240.99
26.327 dim ethylnaphthalene 156 242.23 242.23
26.447 dim ethylnaphthalene 156 242.84 242.84
26.667 2-vinylnaphthalene 154 243.95 243.95
27.007 dim ethylnaphthalene 156 245.67 245.67
27.127 dim ethylquinoline 157 246.28 246.28
27.407 acenaphthylene 152 247.69 247.69 244.63 248.75
27.500 dim ethylnaphthalene 156 248.16 248.16 249.67
28.513 m ethylbiphenyl 168 253.29 253.29 254.33
28.513 acenaphthene 154 253.29 253.29 251.29 254.98
28.800 m ethylbiphenyl 168 254.74 254.74 256.12
28.933 cyanonaphlhalene 153 255.41 255.41 256.29
29.587 dibenzofuran 168 258.72 258.72 257.17 259.75
29.853 trim ethylnaphlhalcne 170 260.06 260.06
Table 4.7 (cont.) Retention indices of components of coal tar identified by GC-MS
and reference compounds - Helium carrier gas
R.T. Com pound M.W.
R. Index 
He
(picene)
R. Index 
He
(BghiP)
Published 
R.I. 
Ref. A
Published 
R.I. 
Ref. B
30.020 trimcthylnaphthalcne 170 260.90 260.90
30.393 diphenylm ethane 168 262.79 262.79
30.540 trimethylnaphthalene 170 263.53 263.53
30.627 trim ethylnaphthalene 170 263.97 263.97
31.133 lH -phenalene 166 266.53 266.53
31.560 benzindene 166 268.69 268.69
31.747 fluorene 166 . 269.64 269.64 268.17 270.77
31.927 m cthyldibenzofuran 182 270.55 270.55
32.213 m ethyldibenzofuran 182 271.99 271.99
32.387 benzindene 166 272.87 272.87
32.900 m ethyldibenzofuran 182 275.47 275.47
33.053 benzindene 166 276.24 276.24
33.327 m ethyldibenzofuran 182 277.62 277.62
33.673 methyldibenzofuran 182 279.37 279.37
35.293 2-m ethylfluorene 180 287.56 287.56
35.493 1-methylfluorene 180 288.57 288.57
35.580 dim ethyldibenzofuran 196 289.01 289.01
35.833 m ethylfluorene 180 290.29 290.29
36.307 dimethyldibenzofuran 196 292.69 292.69
36.307 m ethylfluorene 180 292.69 292.69
36.467 dim ethyldibenzofuran 196 293.50 293.50
36.467 m ethylfluorene 180 293.50 293.50
36.913 dibenzo thiophene 184 295.75 295.75 295.81 296.03
37.227 dimethyldibenzofuran 196 297.34 297.34
37.753 phenanthrene 178 300.00 300.00 300.00 300.00
38.000 anthracene . 178 301.44 301.44 301.69 301.75
38.360 acridine 179 303.55 303.55 304.50 303.99
38.840 trimethyldibenzofuran 210 306.35 306.35
39.047 phenanthridine 179 307.56 307.56 309.25 307.30
39.313 carbazole 167 309.12 309.12 312.13 309.22
39.680 trimethyldibenzofuran 210 311.26 311.26
39.750 lII-benz(dc)isoquinolinc ' 167 311.67 311.67
39.773 4-m ethyldibenzo thiophene 198 311.80 311.80
39.867 1-phenylnaphthalene 204 312.35 312.35 315.19 312.74
40.313 m ethyldibenzoth iophene 198 314.96 314.96
40.907 3-m ethylphenanthrene 192 318.43 318.43 319.46
41.067 2-methy lphenan threne 192 319.36 319.36 320.17
41.307 2-m ethylanthracene 192 320.77 320.77 321.57 321.47
41.553 4II-cyclopenta(def)phenan threne 190 322.20 322.20 322.08
41.747 4- /  9-m ethylphenanthrene 192 323.34 323.34 329.13 329.52
42.260 m ethylcarbazole 181 326.34 326.34
42.407 m ethylcarbazole 181 327.19 327.19
42.947 2-phenylnaphthalene 204 330.35 330.35 332.59 330.73
43.487 dimethy lphenan threne /  anthracene 206 333.50 333.50
43.887 dim ethylphenan threne /  anthracene 206 335.84 335.84
Table 4.7 (cont.) Retention indices of components of coal tar identified by GC-MS
and reference compounds - Helium carrier gas
R.T. Com pound M.W.
R. Index 
He
(picene)
R. Index 
He
(BghiP)
Published 
R.I. 
Ref. A
Published 
R.I. 
Ref. B
44.120 dim cthylphenanthrene /  anthracene 206 337.20 337.20
44.227 dim cthylphenanthrene /  anthracene 206 337.83 337.83
44.473 vinylanthracene /  phenanthrene 204 339.27 339.27
44.600 dim cthylphenanthrene /  anthracene 206 340.01 340.01
44.747 vinylanthracene /  phenanthrene ~ 204 340.87 340.87
44.907 dim cthylphenanthrene /  anthracene 206 341.80 341.80
45.120 dim cthylphenanthrene /  anthracene 206 343.05 343.05
45.387 fluoranthene 202 344.61 344.61 344.01 344.68
45.813 methylphenylnaphthalene 218 347.10 347.10
45.980 acephenanthrylene 202 348.07 348.07
46.293 phenanthro(4,5-bcd)thiophene 208 349.90 349.90
46.440 aceanthrylene 202 350.76 350.76
46.740 pyrene 202 352.51 352.51. 351.22 352.77
46.860 m ethylphenylnaphthalene 218 353.21 353.21
47.307 benzo(b)naphthofuran 218 355.83 355.83
47.447 benzo(b)naphthofuran 218 356.64 356.64 358.58
47.687 4-azapyrene 203 358.05 358.05
48.267 benzo(b)naphthofuran 218 361.44 361.44
48.420 m ethylfluoranthene /  m ethylpyrene 216 362.33 362.33
48.580 4H-benzo(def)carbazole 191 363.26 363.26 364.22
48.953 m ethylfluoranthene /  m ethylpyrene 216 365.44 365.44
49.100 benzo(a)fluorene 216 366.30 366.30 366.74
49.513 benzo(b)fluorene 216 368.72 368.72 369.39 369.17
49.700 m ethylpyrene 216 369.81 369.81
49.893 unknown 232 370.94 370.94
50.140 m ethylfluoranthene /  m ethylpyrene 216 372.38 372.38
50.287 m ethylfluoranthene /  m ethylpyrene 216 373.24 373.24
50.460 1-methylpyrene 216 374.25 374.25
50.613 m ethylfluoranthene /  methylpyrene 216 375.14 375.14
51.880 m ethylbenzfluorene 230 382.55 382.55
51.980 m ethylbenzfluorene 230 383.13 383.13
52.333 m ethylbenzfluorene ■ 230 385.19 385.19
52.593 m ethylbenzfluorene 230 386.71 386.71
53.067 benzo(b)naphtho(2,1 -d)thiophene 234 389.48 389.48 389.26 390.12
53.250 benzo(ghi)fluoranthene 226 390.55 390.55 389.60
53.350 benzo(c)phenanthrcne 228 391.14 391.14 391.39
53.553 benz(c)acridine 229 392.32 392.32 392.50 393.41
53.650 benzo(b)naphtho( 1,2-d)thiophcne 234 392.89 392.89 393.73
54.127 benzo(b)naphtho(2,3-d)thiophcne 234 395.68 395.68
54.500 4II-cyclopenta(cd)pyrene 226 397.86 397.86 396.54
54.613 ben z(a)an thracen e 228 398.52 398.52 398.50 398.77
54.867 chrysene + triphenylene 228 400.00 400.00 400.00 400.00
54.720 benzocarbazole 217 399.14 399.14
55.360 naphthacene 228 402.24 402.22
55.680 benzanthrone 230 403.69 403.66
Table 4.7 (cont.) Retention indices of components of coal tar identified by GC-MS
and reference compounds - Helium carrier gas
R.T. Com pound M.W.
R. Index 
He
(picene)
. R. Index 
He
(BghiP)
Published 
R.I. 
Ref. A
Published 
R.I. 
Ref. B
55.860 m ethylbenzonaphthothiophene 248 404.51 404.46
56.067 methylB(a)A  /  chrysene 242 405.45 405.40
56.067 benzocarbazole 217 405.45 405.40
56.420 benzocarbazole 217 407.05 406.98 410.12
57.107 m ethylB(a) A  /  chrysene 242 410.17 410.07
57.360 m ethylB (a)A  /  chrysene 242 411.32 411.21
57.600 methylB(a)A  /  chrysene 242 412.41 412.29
57.887 1111-bcnz(b,c)accanlhry lcnc 240 413.71 413.58
58.100 4H-cyclopenta(def)chrysene 240 414.68 414.54
58.227 4H-cyclopenta(def)triphenylene 240 415.26 415.11
58.807 binaphthalene 254 417.89 417.72 423.91
61.393 benzo(b)fluoranthene 252 429.63 429.34 441.74 439.51
61.393 benzo(i)fluoranthene 252 429.63 429.34 440.92
61.527 benzo(k)fluoranthene 252 430.24 429.95 442.56 440.04
62.100 benzo(a)fluoranthene 252 432.84 432.52
62.860 m ethylbinaphthalene 268 436.29 435.94
63.247 benzo(e)pyrene 252 438.05 437.68 450.73
63.607 benzo(a)pyrene 252 439.69 439.30 453.44 .448.69
64.260 perylene ‘ 252 442.65 442.23 456.22 451.27
64.500 methylbenzfluoranlh/bcnzpyrene 266 443.74 443.31
64.900 methylbenzfluoranth/benzpyrene 266 445.56 445.11
65.527 m ethylbenzfluoranth/benzpyrene 266 448.40 447.93
65.800 methylbenzfluoranth/benzpyrene 266 449.64 449.16
65.900 m ethylbenzfluoranth/benzpyrene 266 450.10 449.61
72.310 indcno(7,1,2,3-cdcf)chryscnc 276 479.20 478.43
73.140 dibcnz(a,i)anthracene 278 482.97 482.16
74.140 indcno( 1,2,3-cd)pyrenc 276 487.51 486.66 481.87 489.49
74.593 dibenz(a,h)anlliracene 278 489.57 488.70 495.45 491.01
76.590 benzo(b)chrysene 278 498.64 497.68 497.66
76.890 picene 278 500.00 499.02 500.00
77.107 benzo(ghi)perylcne 276 500.99 500.00 501.32 500.00
78.860 anthanthrene • 276 508.95 507.88 503.89
References: (A) L ee et al., (1979) Reference compounds: naphthalene, phenanthrene,
chrysene, picene
(B) Rosted and Pereira (1986) Reference compounds: naphthalene, phenanthrene,
chrysene, benzo(ghi)perylene
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4.2 BTX
4.2.1 General description of BTX
BTX is a by-product obtained by washing coke oven gas (the gas evolved during 
carbonisation) with a solvent. The solvent, called wash oil, is a paraffinic based oil with 
a boiling range from 300 - 360°C. BTX (so called because it contains mainly benzene, 
toluene and xylene) is removed from the wash oil by distillation, and used, without 
further refining, as a precursor in the manufacture of styrene. BTX complements coal tar 
as the non-gaseous components of the vapours evolved during coking.
4.2.2 GC-MS of BTX
A sample of BTX was analysed by GC-MS. A total of 51 components was identified, 
including C3 to C9 alkanes and alkenes and alkyl-substituted benzenes. The total ion 
current chromatogram is shown in Figure 4.7 and the identified components are listed in 
Table 4.8. Only short-chain substitution of benzene occurs, and only relatively short- 
chain aliphatic compounds were found, probably due to the vigorous thermal conditions 
of carbonisation. This analysis gave a good indication of the volatile component of coke 
oven emissions. Benzene and toluene were found in high concentration in the emission 
sample reported in Table 4.1. The other components of BTX were expected to be present 
in coke oven emissions in amounts relative to their concentration in BTX. It was 
apparent that very efficient sampling conditions would be required to retain all of the 
volatile components for measurement.
4.3 Preliminary characterisation of coke oven emissions
The earlier sample of emissions collected at No.7 battery highlighted some potentially 
serious shortcomings in the use of XAD-2 as an adsorbent. Compounds such as 
naphthalene and methylnaphthalenes were found in greater amount on the charcoal tube, 
which acted as back-up to the XAD-2 tube, than on the XAD-2 tube itself. These 
compounds are known to be recovered only poorly from charcoal when using solvent
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Figure 4.7 Ion chromatogram from GC-MS of BTX. 
For identifications see Table 4.8.
T able 4.8 Components o f BTX identified by GC-MS 
Scan numbers refer to Figure 4.7
N o. Scan
No.
Compound M .W .
1 39 1-propene . 42
2 44 1,3-butadiene 54
3 59 n-pentane 72
4 61 1,3-pentadiene 68
5 70 1,3-cyclopentadiene 66
6 72 carbon disulphide 76
7 76 cyclopentene (or me-butadiene) 68
8 79 cyclopentane- 70
9 98 n-hexane 86
10 117 m ethylcyclopentane 84
11 129 m ethylcyclopentadiene 80
12 134 m ethylcyclopentadiene 80
13 140 dimethylbutadiene 82
14 150 benzene 78
15 157 thiophene 84
16 203 n-heptane 100
17 229 m ethylcyclohexane 98
18 247 ethylcyclopentane 98
19 260 3,4-heptadiene 96
20 265 dim ethylcyclopentadiene 94
21 273 dim ethylcyciopentadiene 94
22 290 lH -pyrrole 67
23 296 toluene 92
24 304 2-m ethylthiophene 98
25 316 1 -methylthiophene 98
26 344 C4-cyclopentane 126
27 357 n-octane 114
28 400 1 -ethy 1-3-m ethylcyclopentane 112
29 445 ethylbenzene 106
30 455 m -xyiene 106
31 469 ethynylbenzene 102
32 486 styrene 104
33 489 o-xylene 106
34 506 n-nonane 128
35 545 C 3-cyclohexane 126
36 581 C 3 -benzene 120
37 591 n-propylbenzene 120
38 600 m esitylene 120
39 605 C3-benzene 120
40 616 isopropylbenzene 120
41 620 propenylbenzene 118
42 627 benzonitrile 103
43 634 pseudocum ene 120
44 636 3-m ethylstyrene 118
45 638 benzofuran 118
46 640 2-m ethylstyrene 118
47 645 n-decane 142
48 673 hem im ellitene 120
49 676 dicyclopentadiene 132
50 690 in dan . 118
51 701 indene 116
52 880 naphthalene 128
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extraction. So little material was retained by the XAD-2 that breakthrough of many 
compounds occurred from the charcoal when active sites became overloaded. Conditions 
for sampling were required which allowed the first adsorbent (in this case, XAD-2) to 
retain all of those components which are difficult to recover from charcoal. The previous 
sample was collected above a leaking chuck-door, a small door in the upper part of the 
end of the oven. To do this the sampler was placed on the oven top between stand-pipes, 
an area which is very hot. It was estimated that the sampling temperature was between 50 
and 60°C. The sample for preliminary characterisation was also collected at No.7 battery, 
but a location roughly in the centre of the oven tops was chosen. The temperature was 
35°C, the source of emissions was general leakage, especially from oven lids, and the 
amount sampled was expected to be much less than in the first attempt.
Direction of air flow
Filter & 13 mm XAD-2 Charcoal
pad filter holder sections sections
Figure 4.8 Arrangement for second sample of 7A battery emissions
The sampling apparatus contained a smaller Teflon filter, but retained the XAD-2 and 
charcoal back-ups. Commercial XAD-2 tubes as used previously have glass wool plugs 
separating and containing the layers of adsorbent within the tube. This glass wool 
packing retains some of the material being sampled, and must be desorbed along with the 
adsorbent itself. The large volume of solvent needed to adequately cover both the glass 
wool and XAD-2 in the desorption vial caused a loss of sensitivity in subsequent 
analysis. It is not possible to remove solvent by evaporation because of the risk of loss 
of volatile components. For this exercise, the adsorbents were packed into a glass tube,
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and each layer was separated by a stainless steel screen. The sampling arrangement is 
shown in Figure 4.8.
Benzene was used to extract compounds from the Teflon filter and its support pad, 
diethyl ether for the XAD-2 and carbon disulphide for the charcoal sections. A total of 
80 individual compounds or groups of isomers was identified from retention index data 
and the characterisation of coke oven by-products. The composition of emissions as 
determined by this sample is shown in Table 4.9. The mass of each component in Table
4.9 is also expressed as a percentage of the total hydrocarbon mass determined.
No. Com pound Teflon Support 
F ilter Pad
XAD-2 XAD-2 
F ront Back
Chare.
Front
Chare.
Back
Chare.
E xtra
Total
V-Z
%
o f total
1 C6-C9 alkanes 0.0 0.0 0.0 0.0 38.4 0.0 0.0 38.4 5.23
2 benzene 0.0 0.0 13.9 3.2 182.0 0.0 0.0 199.1 27.1
3 toluene 0.0 0.0 3.1 2.0 67.8 0.0 0.0 72.9 9.92
4 ethylbenzene 0.0 0.0 * 0.7 0 5 0.9 0.0 0.0 2.1 0.29
5 p-xylene, m -xvlene 0.0 0.0 2.9 1.6 8.4 0.0 0.0 12.9 1.76
6 styrene 0.0 0.0 0.7 0.7 1.5 0.0 0.0 2.9 0.39
7 o-xylene 0.0 0.0 0.3 0.3 0.7 0.0 0.0 1.3 0.18
8 anisole 0.0 0.0 0.4 0.4 0.2 0.0 0.0 1.0 0.14
9 trim ethylbenzenes 0.0 0.0 3.6 1 5 1.5 0.0 0.0 6.6 0.90
10 ethyl toluenes 0.0 0.0 1.0 0.4 0.8 0.0 0.0 2.2 0.30
11 diethylbenzenes 0.0 0.0 10.1 5.8 2.5 0.0 0.0 18.4 2.50
12 phenol 0.0 0.0 1.5 0.6 0.0 0.0 0.0 2.1 0.29
13 benzofuran 0.0 0.0 0.9 0.2 0.1 0.0 0.0 1.2 0.16
14 indan ’ 0.0 0.0 0.3 0.0 0.0 0.0 0.0 0.3 0.04
15 indene 0.0 0.0 6.0 6.2 0.6 0.0 0.0 12.8 1.74
16 cresols 0.0 0.0 1.7 0.7 0.0 0.0 0.0 2.4 0.33
17 diethyltoluenes 0.0 0.0 2.9 1.0 0.0 0.0 0.0 3.9 0.53
18 methylindenes 0.0 0.0 3.2 1.1 0.0 0.0 0.0 4.3 0.59
19 tetralin 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00
20 naphthalene 0.0 0.0 60.2 38.0 1.0 0.0 0.0 99.2 13.5
21 benzo(b)thiophene 0.0 0.0 2.7 1.5 0.0 0.0 0.0 4 2 0.57
22 triclhylbenzcncs 0.0 0.0 2.3 15 0.0 0.0 0.0 3.8 0.52
23 other alkylated benzenes 0.0 0.0 6.5 0.8 0.0 0.0 0.0 7.3 0.99
24 2-m ethylnaphthalene 0.0 0.0 11.2 2.0 0.0 0.0 0.0 13.2 1.80
25 1-methylnaphthalene 0.0 0.0 4.4 1.7 0.0 0.0 0.0 6.1 0.83
26 biphenyl 0.0 0.0 4.1 0.9 0.0 0.0 0.0 5.0 0.68
27 dim ethylnaphthalenes 0.0 0.0 11.5 0.0 0.0 0.0 0.0 11.5 1.57
28 acenaphthylene 0.0 0.0 16.2 0.0 0.0 0.0 0.0 16.2 2.20
29 acenaphthene 0.0 0.0 2.2 0.0 0.0 0.0 0.0 2.2 0.30
30 m ethylbiphenyls 0.0 0.0 2.2 0.0 0.0 0.0 0.0 2.2 0.30
31 dibenzofuran 0.0 0.0 8.7 0.0 0.0 0.0 0.0 8.7 1.18
32 meth ylacenaph thy lenes 0.0 0.0 2.2 0.0 0.0 0.0 0.0 2.2 0.30
33 fluorene 0.0 0.0 11.1 3.4 0.0 0.0 0.0 14.5 1.97
34 benzindenes 0.0 0.0 1.8 0.0 0.0 0.0 0.0 1.8 0.24
35 m ethylfluorenes 0.0 0.0 2.5 0.0 0.0 0.0 0.0 2.5 0.34
36 dibenzothiophene 0.0 0.0 1.4 0.0 0.0 0.0 0.0 1.4 0.19
37 phenanthrene 1.9 0.9 24.6 0.0 0.0 0.0 0.0 27.4 3.73
38 anthracene 0.6 0.2 7.1 0.0 0.0 0.0 0.0 7.9 1.08
39 acridine 0.2 0.1 0.5 0.0 0.0 0.0 0.0 0.8 0.11
40 carbazole 1.5 0.6 2.5 0.0 0.0 0.0 0.0 4.6 0.63
41 m ethylphenan/anthracenes 0.7 0.1 4.8 0.0 0.0 0.0 0.0 5.6 0.76
42 4H -cyclopentardeflphenanthrene 0.2 0.0 1.8 0.0 0.0 0.0 0.0 2.0 0.27
T able 4.9 Analysis o f coke oven emissions - N o.7A battery (sample 2)
No. Com pound Teflon Support 
Filter Pad
XAD-2 XAD-2 
Front Back
Chare.
Front
Chare.
Back
Chare.
Extra
Total
Fg
%
o f total
43 m ethylcarbazoles 0.2 0.0 0.4 0.0 0.0 0.0 0.0 0.6 0.08
44 dim ethylphen/anthracenes 0.2 0.0 0.1 0.0 0.0 0.0 0.0 0.3 0.04
45 fluoranthene 6.9 0.8 7.6 0.0 0.0 0.0 0.0 15.3 2.08
46 acephenanthrylene 0.9 0.1 0.8 0.0 0.0 0.0 0.0 1.8 0.24
47 phenanthro(4,5-bcd) thiophene 0.2 0.0 0.1 0.0 0.0 0.0 0.0 0.3 0.04
48 aceanthrylene 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.03
49 pyrene 5.7 0.6 4.1 0.0 0.0 0.0 0.0 10.4 1.42
50 4H -benzo(def)carbazole 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.6 0.08
51 benzo(a)fluorene 2.0 0.2 0.2 0.0 0.0 0.0 0.0 2.4 0.33
52 benzo(b)fluorene 1.9 0.1 0.2 0.0 0.0 0.0 0.0 2.2 0.30
53 m ethylfluoranthenes 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.05
54 m ethylpyrenes 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.05
55 m ethylbenzfluorenes 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.05
56 benzo-naphthothiophenes 1.5 0.0 0.0 0.0 0.0 0.0 0.0 1.5 0.20
57 benzo(ghi)fluoranthene 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.5 0.07
58 benzo(c)phenanthrene 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.6 0.08
59 cyclopenta(cd)pyrene 1.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0 0.14
60 benz(a)anthracene 9.4 0.1 0.0 0.0 0.0 0.0 0.0 9.5 1.29
61 chrysene + triphenylene 8.6 0.1 0.0 0.0 0.0 0.0 0.0 8.7 1.18
62 benzocarbazole 1.1 0.0 0.0 0.0 0.0 0.0 0.0 1.1 0.15
63 m ethylchrysenes (etc.) . 4.8 0.0 0.0 0.0 0.0 0.0 0.0 4.8 0.65
64 4H -cyclopenta(de0chrysene 1.5 0.0 0.0 0.0 0.0 0.0 0.0 1.5 0.20
65 benzo(b)fluorantliene 5.3 0.0 0.0 0.0 0.0 0.0 0.0 5.3 0.72
66 B(i)F + B(k)F 2.9 0.0 0.0 0.0 0.0 0.0 0.0 2.9 0.39
67 benzo(a)fluoranthene 1.9 0.0 0.0 0.0 0.0 0.0 0.0 1.9 0.26
68 benzo(e)pyrene 5.3 0.0 0.0 0.0 0.0 0.0 0.0 5.3 0.72
69 benzo(a)pyrene 6.1 0.0 0.0 0.0 0.0 0.0 0.0 6.1 0.83
70 perylene 1.5 0.0 0.0 0.0 0.0 0.0 0.0 1.5 0.20
71 indeno(7123-cde0chrysene 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.5 0.07
72 dibenz(a,i)anthracene 1.8 0.0 0.0 0.0 0.0 0.0 0.0 1.8 0.24
73 indeno(l,2 ,3-cd)pyrene 3.4 0.0 0.0 0.0 0.0 0.0 0.0 3.4 0.46
74 dibenz(a,h)anthracene 1.2 0.0 0.0 0.0 0.0 0.0 0.0 1.2 0.16
75 benzo(b)chrysene 1.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0 0.14
76 picene 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.11
77 benzo(ghi)perylene 2.3 0.0 0.0 0.0 0.0 0.0 0.0 2.3 0.31
78 anthanthrene 1.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0 0.14
79 coronene 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.03
80 dibenzfluoranthcne/pyrenes 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.03
Total M icrogram s 89.3 3.9 259.2 76.0 306.4 0.0 0.0 734.8 100.0
T able 4.9 (cont.) Analysis o f coke oven emissions - No.7A battery (sample 2)
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4.4 Summary
In a sample of coal tar, 182 compounds were identified and 52 in BTX, although some 
were common to both (see Tables 4.6 and 4.8). By characterising the by-products of 
coking, determination of a large number o f components of actual coke oven emission 
samples was possible. Benzene was by far the most abundant compound found, 
constituting almost 30% of the total mass. The presence of benzene in coke oven 
emissions has been noted in the literature (e.g., European Coal and Steel Community - 
National Coal Board, 1988) but measurement of its amount has not been reported. The 
relatively high level of this compound in air on the battery is significant in terms of 
environmental health.
There were several points to emerge from this characterisation work which would affect 
the direction of the research. These were:
a) There is a relatively high proportion of volatile compounds in coke oven 
emissions. Preliminary sampling showed that only about 10% of all material 
collected by the sample device was found on the filter. The adsorbent sections of 
the sampler have more significance than the standard methods such as NIOSH 
method 5515 allow, given that they must retain 90% of the sample.
b) The adsorbent, XAD-2, was not ideally suited to the conditions of sampling. 
When the temperature and/or humidity was high, the collection efficiency of 
XAD-2 for the vaporous components of coke oven emissions dropped noticeably. 
Compounds such as indene and naphthalene, which are difficult to recover from 
charcoal, tended to pass through the XAD-2 trap at the sampling temperature on 
No.7 battery.
c) XAD-2 required desorption by diethyl ether. It was noticed that XAD-2 retained 
some benzene, but determination of this compound was difficult because of
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interference from the broad solvent peak in the chromatogram. Carbon disulphide 
would have been a better solvent, but it degrades XAD-2.
d) The volume of solvent used for extraction of the filter was relatively high. It was 
an aim of this work to produce a solvent extract which did not require further 
concentration to allow detection of trace components. The cellulose acetate pad 
supporting the Teflon filter was bulky and at least 1 mL of solvent was required to 
completely cover the filter and pad in an extraction vial. It was estimated that as 
little as 200 jllL of solvent would be sufficient if no support pad was used.
e) The volume of solvent was also excessive when XAD-2 and glass wool from 
sorbent tubes was desorbed. Replacement of glass wool with a small stainless 
steel screen, as done in the second sampling exercise, allowed a greatly reduced 
solvent volume.
Work was necessary to evaluate the performance of XAD-2 and other adsorbents for 
collecting and allowing recovery of the range of compounds set out in Tables 4.6 and 
4.8. The objective of this work was to find a better adsorbent than XAD-2.
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5. Investigation of adsorbents
5.1 Considerations for sample collection
The sampling of coke oven emissions discussed in the previous section was carried out 
by a slightly modified NIOSH procedure. This method was selected for preliminary 
work because, being a standard procedure, materials were readily available and it is 
recommended for sampling of coke oven emissions. Other methods are possible for 
more detailed characterisation work, where it is important to be sure that all compounds in 
measurable quantities are being collected.
Sampling could be achieved by collection of vapours in an evacuated flask. This idea 
was rejected because the sample size would be too small to yield sufficient material for 
analysis. The sampling time would be too short to reflect possible changes in emission 
make-up which occur during the coking cycle. The internal surfaces o f the sampling 
vessel would require a relatively large volume of solvent to recover deposited sample 
components.
A sample of emissions could be collected by a cryogenic sampling technique. This idea 
was rejected because of the analytical problems posed by the simultaneous collection of a 
large quantity of atmospheric moisture. Up to 10 mL of water may be condensed during 
sampling of 0.5 m3 of air containing coke oven emissions. Relatively large amounts of 
solvent would be required to recover the sample and wash the internal surface of the 
collection vessel.
A decision was made to continue with the adsorbent technique for these reasons. Firstly, 
the internal volume of an adsorbent sampler can be very small. Approved adsorbent 
tubes typically contain 150 - 200 mg of packing. Secondly, the collection efficiency and 
desorption efficiency of the various adsorbent materials can be determined easily. 
Adsorbents can therefore be chosen to give a high degree of confidence that all probable
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sample components w ill be collected and recovered for measurement. Thirdly, the 
volume o f solvent used for recovery of adsorbed compounds may be very small, 
maintaining high sensitivity without the need for pre-concentration. Fourthly, the overall 
sampler dimensions would be small, making it suitable for placement in any area of the 
coke oven battery, or for development as a personal sampler. A personal sampling pump 
can be used to draw air through an adsorbent-filled sampler, making the device 
independent of external power supplies such as mains electricity or compressed air.
5.2 Adsorbent materials
The literature review indicated a number of adsorbents which may be applicable to 
sampling of the compounds in coke oven emissions. Adsorbents considered included the 
polymers; polyurethane foam (PUF), XAD-2, Tenax GC, Chromosorb 102 and Florisil; 
the carbon based materials; graphitised carbon black, coconut charcoal and carbon 
molecular sieve; and alumina. Alumina and the polymers PUF, Chromosorb 102 and 
Florisil were not used in subsequent work because their adsorptive capacity is generally 
inferior to XAD-2 and Tenax GC.
Two grades of graphitised carbon were chosen for trials, one with a low and one with a 
high surface area. Graphpac GC is a trade name (Alltech) for graphitised carbon with a 
surface area of 10 - 13 m2 g_1. This material is commonly used as a support in gas 
chromatography where its hydrophobic properties are useful for aqueous injections. 
Graphtrap GB is also a trade name (Alltech) for graphitised carbon with a high surface 
area of 1 0 0 -1 1 0  m2 g-1. This material has been recommended (Supelco, 1988) for 
collection of large molecules, such as PAH, PCB or pesticides.
Coconut charcoal was included in adsorbent trials because of its intended use as a back­
up to the primary adsorbent. Indications were that no one adsorbent would be completely 
effective in trapping all compounds which pass through the filter and a sampling device 
would make use of two adsorbents in series. It was important to know the ease of
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recovery of the semi-volatile aromatics from charcoal to provide a basis for selection of 
the primary adsorbent. Compounds which are difficult to recover from charcoal should 
be retained by the first adsorbent for the system to be effective as a sampler. Carbon 
molecular sieve (Supelco Carbosieve) has properties similar to coconut charcoal and so 
was included in the trials. Carbosieve, unlike charcoal, is hydrophobic. It has a high 
surface area (550 m2 g-1) and, like charcoal, is suitable for trapping very volatile 
hydrocarbons (Supelco, 1990).
5 .3  Desorption efficiency
When measuring desorption efficiency, compounds can be added to adsorbents either via 
the vapour phase or using a solution, and each method has its experimental difficulties. 
By adding a solution of test compounds, the relatively large volume of solvent may fill 
active sites and unpredictably affect the way in which test compounds are adsorbed and 
released. On the other hand, to generate a vapour of compounds o f very low volatility 
which may condense within the apparatus poses quantitation problems when verifying the 
mass of test material reaching the adsorbent.
The technique suggested by NIOSH is syringe addition o f a test solution containing 
known masses of components to a bed of adsorbent in a vial. This technique was chosen 
for the current work for a number of reasons. Being the NIOSH method, it is widely 
used in occupational exposure measurement, and therefore the results reported here will 
be of use for comparison. It is a convenient technique for accurately adding a complex 
mixture of test compounds to adsorbents. It allows rapid determination of the desorption 
efficiency of many compounds. It is a method which does not require special apparatus 
and so is suited to any laboratory for verification of different adsorbent lots.
Desorption of trapped compounds can be effected either thermally or by solvent 
extraction. Apparatus for thermal desorption tends to be complex and expensive, and in 
most cases allows only a single analysis of each sample. Thermal desorption may not be
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suitable for many o f the low-volatility compounds found in coke oven emissions. 
Solution desorption, on the other hand, allows many analyses per sample, is simple to 
perform in the laboratory and is of low cost. It is also the method preferred by NIOSH. 
For these reasons, solution desorption was the method chosen for this work.
A benzene solution was prepared containing 100 - 1000 |ig mL"1 o f a selection of 
compounds from Tables 4.6 and 4.8, ranging from ethylbenzene as the most volatile to 
benzo(ghi)perylene as the least volatile. (See Table 5.1 for the components of this 
solution.) Because benzene destroys Tenax, a second standard solution in diethyl ether 
was prepared for testing this adsorbent. A solution containing n-heptane, n-octane, n- 
nonane, benzene and toluene in carbon disulphide was prepared to assess recovery of 
compounds of high volatility. The standard mixture (50 jiL) was added by microsyringe 
to approximately 150 mg of the adsorbent in a 1 mL vial. The vial was capped 
immediately after addition, weighed and allowed to equilibrate (generally overnight). The 
vial and contents were reweighed before desorption to confirm that no loss of benzene 
had occurred by evaporation.
The selected solvent (400 (iL) was added to the vial by microsyringe, and the compounds 
desorbed ultrasonically at 20 - 25°C for thirty minutes. Of the resulting solution, 100 |iL  
was withdrawn by microsyringe and added to a second vial. To this was added 50 |iL of 
the same solvent to which had been added known masses of three internal standards. 
This final mixture was analysed by chromatography.
Chromatographic conditions were those shown in Table 4.2. To minimise the effect of 
injector discrimination on the results, three internal standards were used. These were n- 
hexadecane, n-eicosane and 9,10-diphenylanthracene. The chromatogram was divided 
into three regions (representing volatility of eluting components) and the method allowed 
one internal standard per region.
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The data system was calibrated with a standard prepared as above, but omitting the 
adsorbent. A BASIC program was written to modify the integrator, allowing calibration 
with three internal standards. Calibration was carried out for each solvent and adsorbent. 
The mass o f compound recovered was compared to the mass in the calibration standard 
on a relative basis and the desorption efficiency calculated. Five replicates were tested for 
each combination of adsorbent and solvent, and a standard deviation calculated for each 
component.
5 .4  Desorption efficiency results - discussion
5.4.1 XAD-2
Table 5.1 lists the percentage recovery (desorption efficiency) of the test compounds 
from XAD-2 using three different solvents. Diethyl ether and dichloromethane were used 
because they have been reported in the literature and good recovery of PAH was 
indicated. Cyclohexane was used because it is often suggested for safety reasons as an 
alternative to benzene in the BSF test (NIOSH, 1984). As indicated earlier, carbon 
disulphide degrades XAD-2 and was not used.
Because each of these solvents causes a broad solvent peak on the chromatogram, it was 
not possible to evaluate the recovery of the volatile compounds. These are shown as 
"N.D." (not determined) in Table 5.1.
Useful recoveries were obtained for all three solvents, dichloromethane being the best. 
However, chromatography using dichloromethane was not reproducible and a high 
standard deviation resulted for many compounds. This may have been due to reaction 
between some compounds in the test mixture and dichloromethane, as the solution rapidly 
yellowed. Poor reproducibility was not evident with the other solvents. Cyclohexane 
allowed good chromatography, although recovery was low for high molecular weight 
PAH. In practice, diethyl ether proved difficult to use as it tended to volatilise in the 
syringe and dispensation of accurate volumes required great care and much time.
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Compound
added
Diethyl Ether 
% recovered S D .
Cyclohexane 
% recovered S.D.
Dichloromethane 
% recovered S.D.
n-heptane 25 N.D. - N D . - N.D. -
n-octane 25 N.D. - N.D. - N.D. -
n-nonane 25 N.D. - N.D. - N.D.
benzene 50 N.D. - N.D. - N.D. -
toluene 50 NX). - N.D. - NX). -
ethylbenzene 13 98.5 1.3 100.4 0.4 99.8 0.3
m-xylene 35 98.6 1.6 99.2 0.9 99.6 0.4
styrene 18 98\5 2.8 N.D. - 100.7 1.3
o-xylene 18 95.1 2.7 NX). - . 98.8 1.6
phenol 20 N.D. - N.D. - N.D. -
n-propylbenzene 5 96.4 3.0 101.5 1.0 101.2 1.8
1,3,5-trimethylbenzene 7 96.3 3.7 100.7 0.8 102.0 3.0
1,3,4-trimethylbenzene 9 95.8 3.6 98.3 0.6 99.3 1.7
indan 10 92.8 3.8 98.3 1.0 99.8 0.4
indene . 50 91.2 3.1 92.3 1.1 102.9 8.3
tetralin 24 92.1 2.7 99.3 1.5 99.8 0.2
naphthalene 50 89.4 2.1 88.3 1.3 99.1 1.9
2-methylnaphthalene 45 90.4 1.3 87.9 1.1 98.8 2.0
1 -methylnaphthalene 25 89.9 1.4 86.4 1.8 98.8 3.0
biphenyl 47 92.6 1.9 89.9 1.5 100.4 1.9
acenaphthylene 42 87.8 2.6 78.6 1.5 103.7 3.5
acenaphthene 5 87.6 2.6 82.5 1.0 101.2 4.1
dibenzofiiran 22 88.8 4.9 81.3 1.3 101.6 4.5
fluorene 40 85.6 5.7 81.1 2.2 105.3 4.3
phenanthrene 50 88.5 4.4 76.2 2.4 99.7 3.2
anthracene . 25 87.9 4.5 77.9 2.2 102.0 3.7
acridine 6 84.0 6.3 65.8 3.2 0.0 -
carbazole 25 90.9 6.4 41.7 1.8 116.2 14.5
fluoranthene ' 50 86.6 4.1 69.7 2.4 99.5 8.2
pyrene 5 0 84.3 3.5 67.9 2.5 97.6 8.7
1,2-benzofluorene 8 84.8 2.6 71.6 3.3 92.3 12.7
2,3-benzofluorene 4 85.0 5.3 70.6 3.1 97.0 12.4
benz(a)anthracene 2 0 80.7 4.3 71.8 3.3 96.6 1.9
chrysene 20 79.7 4.1 70.1 3.0 96.4 2.3
benzo(b & k)fluoranthenes 14 77.4 2.9 65.4 1.7 94.0 9.8
benzo(e)pyrene 32 77.4 3.5 60.5 1.5 95.1 6.6
benzo(a)pyrene 27 81.0 4.5 62.3 1.7 93.0 8.6
perylene 5 76.4 5.0 58.0 1.6 94.8 10.6
dibenzo(a,h)anthracene 8 77.3 4.4 63.1 0.7 98.3 6.2
benzo(ghi)perylene 5 72.0 2.8 55.0 2.0 82.4 18.5
* N.D. - Not determined
Table 5.1 Desorption efficiency (XAD-2)
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Compound
added
Diethyl Ether 
% recovered S.D.
Cyclohexane 
% recovered S.D.
n-heptane ■ 25 N.D. - N.D. -
n-octane 25 N.D. - N.D. -
n-nonane 25 N.D. - N.D. -
benzene 50 N.D. _ N.D. -
toluene 50 N.D. - N.D. -
ethylbenzene 13 100.0 1.7 99.4 0.3
m-xylene 35 101.3 1.5 100.5 1.1
styrene 18 95.7 2.2 98.4 1.4
o-xylene 18 102.2 2.8 98.4 1.6
1,3,5 -trimethy lbenzene 7 99.4 1.3 99.1 2.2
1,3,4-trimethy lbenzene 9 102.4 2.7 105.1 2.4
indan, 10 97.4 1.3 99.4 3.0
indene 50 96.3 1.2 95.2 3.2
tetralin 24 94.9 1.4 100.1 3.9
naphthalene 50 93.5 1.4 95.3 3.5
2-me'thylnaphthalene 45 93.8 1.6 93.5 4.8
1 -methy lnaphthalene 25 93.4 1.6 94.0 4.7
biphenyl 47 91.3 4.2 88.4 4.5
acenaphthylene 42 92.2 2.1 89.0 5.2
acenaphthene 5 90.8 2.7 92.8 5.4
dibenzofuran 22 91.5 2.4 91.6 5.0
fluorene 40 90.9 2.2 91.0 4.9
phenanthrene 50 87.8 2.9 84.8 5.2
anthracene ‘ 25 88.0 2.6 85.5 5.1
acridine 6 77.3 10.3 79.3 6.3
carbazole 25 90.1 4.2 76.6 6.6
fluoranthene 50 89.5 3.7 85.0 6.8
pyrene 50 89.3 4.2 87.9 6.9 .
benz( a) anthracene 20 84.9 3.5 75.5 5.7
chrysene 20 86.5 3.8 77.4 5.8
benzo(a)pyrene 27 83.3 3.1 74.2 8.8
perylene 5 76.0 7.2 76.8 9.9
dibenzo(a,h)anthracene 8 76.3 5.7 82.3 11.2
benzo(ghi)perylene 5 60.0 2.6 67.6 9.0
* N.D. - Not determined
Table 5.2 Desorption efficiency (Tenax GC)
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However, of the three solvents, diethyl ether offered the best combination of repeatability 
and recoverability, and was the preferred solvent for any work with XAD-2. These 
results were supported in the literature by the work of Andersson et al. (1983).
Some of the compounds used for this study (Table 5.1) have been analysed previously 
(Otson et al., 1987) by first depositing the compounds from the vapour phase onto XAD- 
2. The good general agreement between the two methods supports the use of deposition 
from solution.
5 .4 .2  TenaxGC
A solution of the test compounds in diethyl ether was used for testing Tenax GC because 
of reaction between Tenax and benzene. Not all the components used for evaluating 
XAD-2 were included in the diethyl ether mixture, although those chosen covered the 
same molecular weight range. The nominal concentration of each component was the 
same as that shown in Table 5.7. Dichloromethane reacted with Tenax, forming a gum, 
and was obviously unsuitable as an extraction solvent.
Table 5.2 lists the percentage recovery for the test components from Tenax GC using 
diethyl ether and cyclohexane, the only solvents found to have no reaction with the 
adsorbent. Recovery of all components in each case was good and comparable to that 
obtained for XAD-2, although poor repeatability was found when using cyclohexane.
5.4 .3  GraphpacGC
Graphpac GC represents a low surface area graphitised carbon. The material used was a 
chromatographic support grade of relatively fine particle size (60 - 80 #). A feature of 
graphitised carbon is that, unlike XAD-2 or Tenax GC, it can be desorbed with carbon 
disulphide. Table 5.3 shows the recovery of all the test compounds and their standard 
deviations. Recovery of 4-ring PAH was similar to the XAD-2 /  diethyl ether 
combination, while recovery of PAH with fewer than 4 rings was better using CS2
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Graphpac GC Graphtrap GB
Compound Rg
added
Carbon Disulphide 
% recovery S.D.
Diethyl Ether 
% recovery S.D.
Carbon Disulphide 
% recovery S.D.
n-heptane 25 N.D. - N.D. - N.D. -
n-octane 25 N.D. - N.D. - N.D. -
n-nonane 25 N.D. - N.D. - N.D. -
benzene 50 N.D. - N .D. - NX). -
toluene 50 N.D. - N.D. - N .D. -
ethylbenzene 13 100.0 0.0 99.3 1.4 100.2 0.3
m-xylene 35 99.8 0.4 99.4 0.7 100.1 0.8
styrene • 18 98.2 1.4 98.3 2.6 98.4 2.3
o-xylene 18 98.1 2.1 96.3 1.6 100.7 2.5
phenol • 20 N.D. - N .D. ■ - 93.1 0.5
n-propylbenzene 5 99.2 1.1 N.D. - 99.6 0.9
1,3,5-trimethylbenzene 7 99.7 0.6 94.3 2.7 98.3 1.9
1,3,4-trimethylbenzene 9 100.2 0.5 89.1 3.4 99.8 0.9
indan ' 10 99.6 0.5 97.0 3.4 99.8 0.8
indene 50 100.1 0.6 88.6 3.2 98.2 0.7
tetralin 24 99.2 1.6 95.1 3.6 99.2 1.0
naphthalene 50 98.4 1.1 70.8 2.5 96.6 0.9
2-methylnaphthalene 45 98.3 2.0 49.0 1.7 93.7 1.3
1 -methy lnaphthalene 25 98.2 1.9 49.4 1.7 93.9 1.3
biphenyl 47 99.1 2.5 66.6 2.9 98.2 1.6
acenaphthylene 42 98.2 2.5 25.9 0.9 86.8 2.2
acenaphthene 5 93.6 1.7 28.8 1.8 87.2 1.8
dibenzofuran 22 97.8 2.0 20.9 1.2 84.5 2.4
fluorene 40 96.7 2.3 15.9 1.3 81.6 3.0
phenanthrene 50 96.4 2.8 5.9 0.4 69.9 1.9
anthracene 25 94.5 2.6 4.2 0.5 64.4 2.2
acridine . 6 85.0 7.0 2.0 1.4 48.7 3.4
carbazole 25 93.2 1.5 14.8 1.3 61.3 2.7
fluoranthene 50 84.8 2.0 1.1 0.2 37.9 1.8
pyrene 50 83.0 3.3 1.0 0.2 33.1 1.8
1,2-benzofluorene 8 73.8 3.9 N.D. - 24.0 1.9
2,3-benzofluorene 4 72.5 4.3 N.D. - 22.5 1.8
benz(a)anthracene 20 78.7 3.1 0.0 0.0 13.1 0.9
chrysene 20 73.6 3.9 0.0 0.0 13.1 1.1
benzo(b & k) fluoranthenes 14 26.4 2.5 N.D. - 0.0 0.0
benzo(e)pyrene 32 N.D. - N.D. - N.D. -
benzo(a)pyrene 27 26.8 1.6 0.0 0.0 1.3 0.9
perylene 5 29.6 2.2 0.0 0.0 0.8 1.1
dibenzo(a,h)anthracene 8 6.8 0.7 0.0 0.0 0.0 0.0
benzo(ghi)perylene 5 5.2 1.1 0.0 0.0 0.0 0.0
* N .D. - Not determined .
Table 5.3 Desorption efficiency (graphitised carbons)
79
Coconut Charcoal Carbosieve
Compound
added
Carbon Disulphide 
% recovery S.D.
Carbon Disulphide 
% recovery S.D.
n-heptane 25 99.8 0.5 N.D. .
n-octane 25 99.7 0.2 N.D. -
n-nonane 25 99.1 2.0 N.D. .
benzene 50 100.6 p bo N.D. -
toluene 50 100.3 0.3 N.D. _
ethylbenzene 13 101.2 1.2 105.1 3.6
m-xylene 35 99.2 0.8 99.7 2.6
styrene 18 16.7 0.0 42.7 5.4
o-xylene 18 100.0 0.0 99.2 3.3
phenol 20 0.0 0.0 102.8 5.0
n-propylbenzene 5 100.8 1.8 106.7 5.8
1,3,5 -trimethyl benzene 7 99.4 1.3 102.4 6.1
1,3,4-trim ethylbenzene 9 97.1 1.0 0.0 0.0
indan 10 93.8 1.3 98.8 6.1
indene 50 2.0 0.6 54.1 2.8
tetralin 24 93.3 2.1 98.4 4.9
naphthalene 50 48.0 1.0 25.8 1.5
2-methylnaphthalene 45 42.8 1.0 25.7 2.2
1-methylnaphthalene 25 42.2 1.0 32.2 3.1
biphenyl 47 58.5 1.6 • 35.1 3.0
acenaphthylene 42 9.3 . 0.2 8.8 0.9
acenaphthene 5 27.2 1.1 27.2 2.3
dibenzofuran 22 13.0 0.7 4.0 1.2
fluorene 40 14.3 0.6 CO bo 1.1
phenanthrene ■' 50 3.8 0.2 0.0 0.0
anthracene 25 2.1 0.2 0.0 0.0
acridine 6 0.0 0.0 0.0 0.0
carbazole 25 0.0 0.0 0.0 0.0
fluoranthene 50 0.9 0.3 0.0 0.0
pyrene * 50 0.8 0.2 0.0 0.0
1,2-benzo fluorene 8 0.0 0.0 0.0 0.0
2,3-benzofluorene 4 0.0 0.0 0.0 0.0
benz(a)anthracene 20 0.0 0.0 0.0 0.0
chrysene 20 0.0 0.0 0.0 0.0
benzo(b & k)fluoranthenes 14 0.0 0.0 0.0 0.0
benzo(e)pyrene 32 0.0 0.0 0.0 0.0
benzo(a)pyrene 27 0.0 0.0 0.0 0.0
perylene 5 0.0 0.0 0.0 0.0
dibenzo(a,h)anthracene 8 0.0 0.0 0.0 0.0
benzo(ghi)perylene 5 0.0 0.0 0.0 0.0
* N.D. - Not determined
T able 5.4 Desorption efficiency (activated carbons)
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extraction of Graphpac GC. Repeatability in this case was similar to that obtained using 
diethyl ether with the other adsorbents. No trials were carried out using other solvents 
because o f the good recovery obtained with CS2 and the advantages offered by this 
solvent over the others for chromatography.
5 .4 .4  Graphtrap GB
Graphpac GB represents a large surface area graphitised carbon. The material used was a 
coarse grade (20 - 40 #) designed for use in adsorptive traps. Graphtrap GB required 
careful handling as it is very friable. Table 5.3 shows the recovery of compounds from 
Graphtrap GB using carbon disulphide. PAH with 4 rings were poorly recovered and the 
adsorbent was impractical for compounds with 5 or more rings. Diethyl ether was used 
to test recovery with a different solvent, but was shown to be unsuitable for extraction of 
even volatile PAH such as naphthalene and acenaphthylene (Table 5.3).
5.4 .5  Carbon molecular sieve
Carbon molecular sieve is usually used as a packing in gas solid chromatography (GSC). 
It finds occasional use as an adsorbent for trapping low molecular weight hydrocarbons 
(C2 and above) from air. Table 5.4 shows the recovery of the test compounds from 
carbon molecular sieve (Supelco Carbosieve) using carbon disulphide as desorbent. 
Recovery of styrene and indene was poor, although reproducible. Recovery of all PAH 
was so low that use of this adsorbent for sampling of PAH is not practical. Carbosieve 
may make a useful back-up to a primary adsorbent chosen from the preceeding group, 
trapping and allowing recovery of volatile compounds passing through that adsorbent.
5 .4 .6  Coconut charcoal
Coconut charcoal is used widely in occupational hygiene as an adsorbent for sampling 
many organic vapours. Charcoal may be desorbed thermally or by solvent extraction and 
carbon disulphide is the most common solvent. Table 5.4 shows the percentage recovery
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of the test compounds from charcoal using CS2, and illustrates interesting behaviour for 
some compounds.
Aromatic compounds with an unsaturated side chain are not recovered to the same extent 
as equivalent saturated compounds. Recoveries o f structurally similar saturated and 
unsaturated compounds are shown in Table 5.5.
Table 5.5 Recovery of structurally similar saturated 
and unsaturated substituted aromatics from charcoal.
Compound Recovery (%)
ethylbenzene - 100.0
styrene 16.7
indan 93.8
indene 2.0
tetralin 93.3
naphthalene 48.0
acenaphthene 27.2
acenaphthylene 9.3
Recovery of all PAH was so low that charcoal cannot be used for sampling o f these 
compounds. The component loading for these desorption trials was equivalent to the 
maximum predicted mass from actual emission samples. Higher loadings will result in 
higher recoveries and this dependency is non-linear, the rate of change being greater at 
low  analyte loading (Posner, 1981). Poor recovery o f PAH was an important 
observation as coconut charcoal, being widely used in occupational hygiene work, may 
be applied to sampling these compounds. OSHA method 1501 for aromatic compounds 
(OSHA, 1986) prescribes the use of charcoal for sampling and CS2 for recovery in the 
analysis of Ce to C 10 aromatics in air. Although the method alerts to poor recovery of
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naphthalene at low loadings, the same warning is not given for styrene or methylstyrenes. 
There is at least one example of charcoal being used for sampling of PAH. In a sampling 
exercise to measure evolution of creosote from creosote impregnated timber, no 
compounds were detected, and the report (personal communication) concluded, perhaps 
erroneously, that the impregnation technique prevented loss of these vapours.
In this work, it was intended to use charcoal or Carbosieve as a back-up to the primary 
adsorbent (X A D -2, Tenax GC or graphitised carbon). Use o f these secondary 
adsorbents is valid if  the primary adsorbent can retain naphthalene, indene and styrene.
5 .4 .7  Special consideration: styrene and indene on charcoal
An anomaly was observed for the recovery of styrene and indene from coconut charcoal. 
When these compounds were added directly to charcoal by the method described earlier, 
the extraction efficiency using carbon disulphide was low (Table 5.4). The same values 
were obtained when the components were added to charcoal immersed in carbon 
disulphide, so that recovery was achieved using the "phase equilibrium" technique 
described by Posner and Okenfuss (1981). However the compounds exhibited better 
recoverability (28% and 46% respectively) when added to a glass wool plug ahead of 
charcoal in a tube and drawn into the charcoal as a vapour. This phenomenon was not 
observed for any other compound.
5 .5  Trapping efficiency
The relative effectiveness o f different adsorbents for retaining volatile compounds was 
measured using the apparatus shown in Figure 5.1. The apparatus consisted of a 13 mm 
Millipore Swinnex filter holder (Millipore) with the backing disk removed, containing a 
Teflon filter and cellulose support pad (SKC, Pennsylvania) cut to 13 mm diameter. The 
adsorbents were contained in a 5 mm diameter glass tube with stainless steel screens 
separating each section. The tube was attached by a Luer fitting to the filter holder. The 
apparatus was mounted vertically for ease of addition of the test solution. Air was drawn
83
through the apparatus at 1 L min-1 using a personal sampling pump (SKC Airchek Model 
224-PCXR7), the air passing through the filter, resin (XAD-2, etc.) and charcoal in that 
order. 150 mg of each material were used for each test. With the pump running, 50 |iL 
of the standard mixture were added slowly to the filter. The air flow was maintained for 
150 min at a temperature of 25°C and a relative humidity of 50%. Desorption of 
compounds from each section was performed as for the desorption efficiency method. 
The results from Tables 5.1 - 5.4 were used to calculate the mass of each compound 
trapped by each adsorbent.
Direction of air flow
Figure 5.1 Test apparatus for evaluation of adsorbents
5 .6  T rapping efficiency results - discussion
5.6.1 XAD-2
Figure 5.2 shows the distribution of all test components throughout the sampling device 
when using XAD-2 as the first back-up trap (primary adsorbent). It depicts the relative 
percentage of each component retained by the filter and the first adsorbent. The suitability 
of this adsorbent in sampling coke oven emissions is determined by its success in 
retaining those compounds which are difficult to recover from charcoal. These were 
shown to be styrene, indene and naphthalene. Under the conditions of the test, XAD-2 
retained all the naphthalene, over 85% of the indene and 45% of the styrene. Based on 
these retention data alone, XAD-2 may be suitable for sampling coke oven emissions.
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Figure 5.2 Distribution of test compounds in sampler - retention of volatile
components by XAD-2
5.6.2 Ten ax GC
Figure 5.3 shows the retention of volatile aromatics by the Tenax-filled section of the 
sampler. Tenax GC is obviously inferior to XAD-2 in this application, retaining just over 
80% of the naphthalene, only 30% of indene and almost none of the styrene introduced.
5.6.3 GraphpacGC
This form of graphitised carbon was also shown to be ineffective for sampling the volatile 
aromatics. Almost 80% of the naphthalene added was retained (Figure 5.4), but only 5% 
of the indene and styrene. It is obvious from this work that Tenax GC and Graphpac GC 
would be unsuitable for sampling coke oven emissions.
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Graphtrap GB was more effective than any other adsorbent in retention of the volatile 
aromatic compounds. Figure 5.5 shows 100% retention of naphthalene and indene and 
75% of the styrene added to the test apparatus. Use of graphitised carbon of this grade 
should allow accurate quantitation of the volatile components of coke oven emissions. 
Preliminary sampling at No.7 battery using XAD-2 showed that the retention of volatile 
compounds by that adsorbent was affected by high temperature and humidity at the 
sampling site. The hydrophobic nature of graphitised carbon should reduce the effect of 
humidity on overall collection efficiency.
5.6.4 GraphtrapGB
Graphtrap GB Filter ^  Graphtrap GB Q  Charcoal
Figure 5.5 Distribution of test compounds in sampler - retention of volatile
components by Graphtrap GB
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5 .7  Filter retention of PAH
Figures 5.2 - 5.5 also illustrate the percentage of each compound which was retained by 
the Teflon filter. In each case, the entire mass of PAH with 4 or more rings was retained 
on the filter during the test, with the exception of fluoranthene and pyrene. Between 10 
and 20% of these compounds was recovered from the first adsorbent.
The difficulty with recommending use o f Graphtrap GB for sampling coke oven 
em issions is that PAH of >4 rings are poorly recovered by solvent extraction. 
Fortunately, it is these compounds which are retained by the filter, from which solvent 
extraction is complete. It can now be seen that a filter/Graphtrap GB/charcoal 
combination should be very effective for sampling coke oven emissions.
The distribution o f test compounds through the sampling apparatus highlighted 
shortcomings in the conventional BSF sampling procedure, which uses a filter without 
back-up. This work also confirmed observations from preliminary sampling at No.7 
battery. The results in Table 4.9 showed that PAH of >4 rings which are retained by the 
filter constituted 24.5% of the total PAH, and only 11.7% of the total organic matter 
collected.
5 .8  Choice of adsorbents for further work
No single adsorbent was capable of collecting all compounds and subsequently allowing 
their desorption. Of those tested, only charcoal was effective in retaining all the 
compounds in the trial, but it has the disadvantage that many were very poorly desorbed. 
Therefore, a combination o f adsorbents is essential to cover the whole suite of 
compounds too volatile to be retained by a filter. As the first part of the combination, 
either XAD-2 or graphitised carbon of large surface area has been shown to be most 
effective when sampling the range of aromatic compounds found in the air at coke ovens.
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This work indicates that the NIOSH procedure (filter + XAD-2) is not completely 
effective for sampling coke oven emissions. By adding a third stage (charcoal), volatile 
aromatics lost by the NIOSH procedure are trapped efficiently. This is a significant 
improvement because these compounds constitute a major portion o f coke oven 
emissions.
The choice of adsorbents should be made on the basis that compounds retained are those 
most easily desorbed. From the above discussion, the combination of graphitised carbon 
and charcoal would provide the most effective back-up to a filter for sampling all the >C6 
hydrocarbons in coke oven emissions. The use of graphitised carbon would give an 
added advantage in allowing use of carbon disulphide for solvent extraction. CS2 
produces a small, non-tailing solvent peak in gas chromatography, allowing measurement 
of any benzene or toluene which may have been retained in the first adsorbent.
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6 . Optimising the sampler design
Earlier experience with adsorbent-filled tubes for collection of coke oven emissions 
showed that sampling at 2 L min“1 caused a very high back pressure in the system, due to 
the resistance to flow of the adsorbent packing. Battery operated personal sampling 
pumps can tolerate moderate back pressure and continue to function properly through the 
working shift. These pumps contain a flow sensor which adjusts the pump motor speed 
to compensate for any drop in flowrate resulting from an increase in resistance. In 
preparations for sampling at No.7 battery a flow of 2 L min-1 caused the pump to stop 
after a short running time.
Standard procedures for the sampling of airborne dust, e.g., the BSF test, specify a 
sampling rate of 2 L min-1. However, the organic portion o f coke oven emissions has 
been shown by Bjorseth et al. (1978) to be associated with particles which are smaller 
than 7 pm (see Figure 2.1). Particles of this size form aerosols, which can be sampled at 
lower flow-rates (Linch, 1974). These observations indicate that the organic portion of 
coke oven emissions can be sampled at only 1 L min-1. A decision was made early in the 
term of the project to carry out sampling at the coke ovens for all characterisation work at 
this flowrate. At this rate it was found that the back pressure was low and the sampling 
pump functioned properly for up to 6 hours, the usual sampling time for measurement of 
workplace exposure.
It was clear from the work described in the previous section, that the large surface area 
grade of graphitised carbon would make the best choice for the first adsorbent in the 
sampler. Some work was now required which was aimed at optimising the dimensions 
of the sample device to allow maximum retention of volatile components and minimum 
flow resistance. The criteria chosen for evaluation of the device were that at least 80% of 
the styrene sampled should be retained by the Graphtrap GB section, and the adsorbent 
beds should not impart significant back pressure to the sampling pump.
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6 .1  Test method
The apparatus (Figure 5.1) and test mixture (e.g., Table 5.1) for comparing retention 
characteristics of the various adsorbents were used again for these trials. As in the 
previous work, an aliquot of the test solution was added by syringe to the filter and air 
was drawn through the system at a set flow rate. In the previous work, approximately 
550 jig o f material (in 50 |iL  of solution) which may be retained by Graphtrap GB was 
added to the test apparatus. The coke oven emission results detailed in Table 4.9 show 
that 3 5 0 1xg of these compounds were collected by the sampler. A volume of 50 jiL of 
the test mixture was added when trialling Graphtrap GB because this volume contains an 
amount of volatile hydrocarbons of the same order o f magnitude as coke oven emission 
samples, it maintains consistency with the earlier work and this volume can be dispensed 
precisely by syringe.
Testing involved use o f 150 or 300 mg of Graphtrap GB and varying the length of the 
adsorbent column. The time for drawing test components through the apparatus was set 
at 2.5 hours in each case, so that sample generation, desorption and analysis could be 
completed in one day. Ambient laboratory conditions during the test were a temperature 
of 25°C and 50% relative humidity.
6 .2  Results using PAH test mix
6.2.1 150 mg Graphtrap GB at 1 L min-1
These were the conditions used in the work evaluating adsorbents (Section 5), producing 
the results on which the choice o f Graphtrap GB was based. Slightly less than 80% of 
the styrene used in the trial was retained by the Graphtrap section, while there was no 
breakthrough o f components o f the test mix o f higher molecular weight than the Cs 
compounds (Figure 5.5). The path length for 150 mg Graphtrap in the glass tube was 13
mm.
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The mass of Graphtrap was doubled to 300 mg, giving a path length of 25 mm. In this 
configuration, the adsorbent retained more than 70% of the ethylbenzene and almost all of 
the total mass of other Cs aromatics, including styrene (Figure 6.1). This amount of 
adsorbent did not have a noticeable effect on the operation of the sample pump when the 
flowrate was set at 1 L min-1.
6.2.2 300 mg Graphtrap GB at 1 L min-1
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Figure 6.1 Retention of test compounds by 300 mg Graphtrap GB - 25 mm path
6.2.3 150 mg Graphtrap GB at 1 L min" 1 - long path
A narrow tube packed with Graphtrap so that the path length for 150 mg of the adsorbent 
was 25 mm was used to test the effect of path length on retention behaviour. It was 
thought that increasing the length of the column of adsorbent, without increasing its 
mass, may result in greater efficiency of the sampler. Sampling may be possible at 2 L 
min ' 1 without an increase in back pressure. It was found, however, (Figure 6.2) that
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Figure 6.2 Retention of test compounds by 150 mg Graphtrap GB - 25 mm path
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Figure 6.3 Retention of test compounds by 300 mg Graphtrap GB - 12 mm path
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losses of Cg compounds were greater than found for an 13 mm path length, almost all the 
ethylbenzene being lost. A small percentage of the C9  compounds also passed through 
and were recovered from the charcoal back-up. These losses were thought to be due to 
the higher air velocity through the narrower tube.
6.2.4 300 mg Graphtrap GB at 1 L min-1 - short path
A wide tube was packed with 300 mg of Graphtrap so that the path length was only 12 
mm. Figure 6.3 shows the distribution of test components when air was drawn through 
this system at 1 L min-1. Breakthrough of approximately 25% of the xylenes occurred, 
together with small amounts of the C9  compounds.
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The experimental conditions of 300 mg of Graphtrap in a 25 mm column were repeated 
but the pump time was increased to 6 hours. Figure 6.4 shows the extent of 
breakthrough on prolonged sampling. As stated earlier, six hours is the duration of 
sampling to be expected in personal monitoring programmes in industry.
6.2.5 300 mg Graphtrap GB at 1 L min'1 - 6 hour run time
More than 80% of the xylenes (and styrene) were retained by 300 mg Graphtrap GB 
under these conditions. For all compounds, retention was better than when 150 mg 
Graphtrap was tested for 2.5 hours (Figure 5 .5). A small drop in the amount of 
fluoranthene and pyrene retained by the filter was observed after prolonged sampling. 
This was a significant observation as these two components are major components of 
coke oven emissions (Table 4.9) and they are poorly recovered from Graphtrap GB by 
CS2 extraction.
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Figure 6.5 Retention of test compounds by 300 mg Graphtrap GB - 2 L min-1 flow
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6 .2 .6  300 mg Graphtrap GB at 2 L min-1
Finally, the effect of sampling at 2 L min-1 was tested. It was found that, although the 
back pressure was high, the pump ran without stopping for the two and a half hours of 
the test. In this laboratory-scale trial, there was no blockage of the filter by dust particles, 
as was experienced in field sampling. Figure 6.5 shows the resulting compound 
distribution. At the high flowrate, performance of Graphtrap GB for retention o f Cs 
aromatics dropped noticeably but the C9 compounds were fully retained. No noticeable 
increase in loss of fluoranthene or pyrene from the filter occurred.
6 .3  Results using PAH test mix - Summary
For characterisation of coke oven emissions it is important to guarantee the most accurate 
measurement of all compounds. It can be seen from the above work that 300 mg of 
Graphtrap GB in a column 25 mm long (6 mm diameter) and a collection rate of 1 L min-1 
provides the best method for sampling the volatile aromatic compounds found in these 
emissions. All the compounds which are difficult to recover from charcoal are retained, 
even when the sampling time is prolonged.
Once the characterisation work is complete, however, and a Graphtrap-based sampler is 
used for routine exposure measurement, it may only be necessary to measure selected 
major constituents. An estimate o f the composition of the minor components as a 
function of the major components can be made if  the overall composition of coke oven 
emissions is relatively constant. In this case, accurate determination of styrene and C9 
compounds is less important, the poor recovery of fluoranthene and pyrene becomes less 
significant and the sampler can be re-designed with less Graphtrap and a higher flowrate.
6 .4  Performance of Graphtrap GB - Loading and temperature variation
6.4.1 Method of test
The data for Tables 4.1 and 4.9 were obtained by sampling coke oven emissions with 
XAD-2 as the first adsorbent. On the oven tops a temperature of 35°C is common and
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much higher temperatures may be encountered. The first sample from No.7 battery 
CTable 4.1) was collected at over 50°C. Considerably more material broke through the 
X A D -2 packing in those sampling exercises than was predicted from subsequent 
laboratory trials of XAD-2 because of the high temperature and sample loading. It was 
necessary to evaluate Graphtrap GB under a range of temperatures and component 
loading values to further understand its performance for collecting actual coke oven 
emissions.
These experiments were carried out using a benzene solution of ethylbenzene, m-xylene, 
o-xylene, n-propylbenzene and mesitylene. Styrene was not added to the mixture 
because a greater accuracy for the determination of either styrene or o-xylene can be made 
in the absence of the other compound, due to the marginal resolution of these compounds 
by a BP-5 capillary column. Styrene and o-xylene exhibit similar retention behaviour on 
Graphtrap GB. An aliquot of this solution which contained the nominal mass o f test 
components was added by microsyringe to the filter section of the test apparatus (Figure 
5.1). The apparatus was packed with 300 mg of Graphtrap GB and 150 mg of charcoal 
and a flow of 1 L min-1 was used throughout.
Table 6.1 Comparison of test mixture addition techniques:
% retained by Graphtrap GB
Compound Deposition as Direct deposition
solution
% retained % retained
mesitylene 100.0 100.0
n-propylbenzene 90.7 88.6
o-xylene 73.0 71.1
m-xylene 52.8 58.6
ethylbenzene 4.9 10.3
A mixture containing 1200 \ig o f the test compounds without solvent (benzene) was 
added to determine whether solvent filled adsorption sites, reducing the effectiveness of
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Graphtrap GB. This result was compared to another test using the same mass o f 
compounds added as a benzene solution. Table 6.1 shows that no major difference was 
found using either addition technique, indicating that benzene is transported through the 
adsorbent without interfering with its capacity to adsorb other (higher molecular weight) 
aromatic compounds.
6 .4 .2  Effect of changing the component loading
In Figure 6.6 , the result o f increasing the component loading while maintaining a 
temperature of 25°C is shown as an increased loss of all components except mesitylene. 
Table 6.2 shows the percentage of each compound which was retained by the Graphtrap 
GB section, the balance being recovered from the charcoal back-up. The use of 3000 fig 
was intended to show an extreme case, as masses from actual samples are not expected to 
be so high. In this case, the 3000 jig addition was made without solvent. Mesitylene 
was fully retained at every loading value, indicating that there is only a narrow range of 
compounds (the Cs compounds) which exhibit some partitioning between Graphtrap GB 
and charcoal at this temperature. The graph (Figure 6.6) indicates the high adsorptive 
capacity of Graphtrap GB and further emphasises its suitability in sampling coke oven 
emissions. The roughly linear correlation between loading mass and retention of all test 
compounds except ethylbenzene allows the analyst to estimate the amount present of these 
marginally retained compounds by taking the total mass recovered into account.
6 .4 .3  Effect of changing the sampling temperature
When the sample loading is low Graphtrap GB performs efficiently, even at 35°C, a 
common working temperature experienced by topside coke workers. When 120 |ig  of 
the five component mixture was added to the test apparatus at 25°C, all o f the C9 
components were retained, and less than 5% of each C% component was lost from the 
adsorbent. When the temperature was increased to 35°C, no change was observed for C9 
compounds, and only a marginal increase in loss of the xylenes was found (Figure 6.7a).
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Table 6.2 Percentage retention of volatile aromatic compounds by 
Graphtrap GB for increasing adsorbent loading
% retained by Graphtrap GB
Total loading 120 jig 550 |ig 1200 |Lig 3000 jig
mesitylene 100.0 100.0 100.0 100.0
n-propylbenzene 100.0 100.0 90.7 62.0
o-xylene 98.2 87.0 73.0 32.3
m-xylene 97.2 82.2 52.8 20.8
ethylbenzene 95.1 52.5 4.9 4.0
Loading (jig)
mesitylene
n-propylbenzen
o-xylene
m-xylene
ethylbenzene
Figure 6.6 Graph showing the percentage of each test compound retained by 
Graphtrap GB when increasing total adsorbent loading
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The loss o f o-xylene increased to 7% and that of m-xylene to 15%. Ethylbenzene loss 
increased to 41%, but this compound is fully recoverable from charcoal and so the 
increase was not considered a problem.
The loading was increased to 1200 p,g (a 10-fold increase) and the test repeated for 
temperatures of 12.5,25 and 35°C. Figures 6.7a and 6.7b show the change in retention 
of the five test compounds, when the apparatus was charged with 120 and 1200 |xg o f 
material. The component loading of 1200 pg is relatively high for coke oven emission 
samples (the data in Table 4.9 indicated an amount of 350 |ig  collected on the first 
adsorbent), but may be found in a "worst case" exposure. At this high loading, Figure 
6.7b indicates that for a sampling temperature of 35°C, almost all xylene is lost. This 
infers that under these conditions almost all of the styrene would also pass through 
Graphtrap GB into the charcoal trap, from where it cannot be recovered. The graph 
shows, however, that styrene is the only compound to which this problem applies. If the 
total loading is lower, Figure 6.7a indicates that styrene will be almost fully retained by 
Graphtrap GB at 35°C. Mesitylene was fully retained at this higher temperature, 
indicating again that only the Cs aromatics exhibit any partitioning between Graphtrap GB 
and charcoal. The data show that losses from Graphtrap are predictable when the 
sampling temperature and amount collected are taken into account.
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Figure 6.7a Graph showing percentage of each test compound retained by 
Graphtrap GB when increasing test temperature (120 jag total loading)
mesitylene
n-propylbenzene
o-xylene
m-xylene
ethylbenzene
Figure 6.7b Graph showing percentage of each test compound retained by 
Graphtrap GB when increasing test temperature (1200 jag total loading)
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6 .5  Retention of volatile compounds by charcoal
Coconut charcoal tubes which are used in NIOSH procedures for sampling organic 
vapours in air usually contain 150 mg of adsorbent (NIOSH, 1984). This is arranged in 
two sections of 100 mg and 50 mg, the smaller section acting as a back-up. It was this 
amount of charcoal on which the masses of adsorbent for the above trials were based. In 
this work, a single section o f 150 mg o f was used. When an extra charcoal section was 
added for collection o f the second N o.7 battery emission sample (Table 4.9), no 
breakthrough of benzene from the first charcoal trap occurred. No benzene breakthrough 
was observed at 1 L min-1 in laboratory trials when up to 1000 fig of benzene was added 
to the system. At a flowrate of 1 L min-1, the 150 mg plug of charcoal should fully retain 
all the benzene and toluene vapours taken in during sampling.
6 .6  Optimising the sampler design - Summary
These trials have confirmed the choice of Graphtrap GB as first adsorbent in sampling 
coke oven emissions. The optimum dimensions for the sampler (for characterisation of 
these emissions) were found to be:
Graphtrap GB Mass (mg) 300
Column length (mm) 25
Column diameter (mm) 6
Charcoal Mass (mg) 150
Column length (mm) 12
Column diameter (mm) 6
The adsorbents were preceded by a 2 Jim Teflon filter in a 13 mm diameter filter cassette 
By using this system at 1 L min-1, the filter will retain those components which are 
difficult to recover from graphitised carbon and the Graphtrap GB will retain those which 
are difficult to recover from charcoal. Finally, charcoal will retain all compounds more 
volatile than the xylenes, which may be measured by the GC technique employed. These 
include the C& to Cs compounds in general. Peaks from Ci (methane) to C5 compounds 
overlap the solvent (CS2) peak in the chromatogram but may be measured by GC by
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sampling and analysing as gases. They are, however, o f lesser interest than higher 
molecular weight hydrocarbons from the health viewpoint.
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7 . Characterisation of coke oven emissions
By the time a program of sampling for the characterisation of coke oven emissions had 
commenced, a great deal was understood about how a Graphtrap GB based sampling 
device (such as that shown in Figure 5.1) would perform. Trials had shown that all 
compounds less volatile than pyrene would be fully retained by the filter and the range of 
compounds which partition between the filter and first adsorbent was known. The 
recoverability of PAH from the first adsorbent had been measured. Similarly, the range 
of compounds which partition between the first adsorbent (Graphtrap GB) and charcoal 
was also known. The recoverability of both aromatic and aliphatic compounds from 
charcoal had been measured. It was felt that this sampler provided the best method of 
collecting all of the compounds in coke oven emissions which were of interest in health 
effects of exposure. It was felt, also, that the minute size of the device would lead to high 
sensitivity in a capillary GC analytical technique, allowing use of gas chromatography 
rather than liquid chromatography for routine testing.
7 .1  Choice of sampling location
No. 6 battery at the Port Kembla steelworks of BHP was chosen for characterisation 
trials. This choice was made for a number of reasons. Emission control at this battery 
was well maintained, meaning that levels of emission were not excessive allowing the 
gases to be well dispersed so that results from static sampling would generally represent 
personal exposure. It was apparent, however, that the level of emission was enough to 
yield sufficient material for detection and identification. A concurrent BHP testing 
program for evaluating respiratory protection equipment was being undertaken at this 
battery. Supervision of those tests meant that interference with the characterisation tests 
was unlikely. There were several suitable sampling locations at N o .6 battery, including 
two platforms slightly above the coke side of the battery, away from direct heat from the 
oven tops. These platforms were not present on other batteries. Use of these platforms 
to mount sample pumps and samplers would keep temperatures to a minimum, reducing
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breakthrough from filters and adsorbents and providing a good simulation of conditions 
experienced in personal sampling. The air temperature above No.6 battery was usually 
30 - 35°C, this being independent of the season. The temperature of the brickwork on the 
oven top was considerably higher and, were the apparatus to be mounted directly on or 
near this brickwork, radiant and conducted heat would cause unpredictable errors in final 
results. Figure 7.1 is a schematic diagram of the top of No.6 battery, showing sampling 
locations.
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Figure 7.1 Schematic view of No.6 battery showing sampling locations
It was necessary to choose a variety of sample locations so that positioning of samplers 
allowed an averaging effect of coke oven operation cycles; the air being sampled should 
be representative of the general workplace. It was known from previous work 
(performed in BHP's Port Kembla laboratories) on the analysis of coke oven gas sampled 
directly from standpipes that the composition of that gas changes markedly during the 
coking cycle. Logically, it was assumed that the composition of emissions from any one 
oven also changes during the coking cycle. During sampling, ovens were being charged 
at a rate which resulted in charging operations in the immediate vicinity of the samplers 
being completed within a 30 minute period. The duration of sampling was always
105
between 5 and 6 hours, a time which should remove any bias from the influence of ovens 
being pushed or charged, when localised emission tended to be greatest and also allow an 
averaging of the change in composition of emissions as coking proceeds.
7 .2  Analytical technique
Prior to the commencement of analytical work for these emission samples, the injection 
port and splitter of the capillary gas chromatograph was altered to improve sample 
transfer to the column. The result of this alteration was to allow use of only one internal 
standard, n-eicosane, for quantitation. Otherwise, analysis was performed using the 
same conditions as used for adsorbent trials. Instrument conditions were those listed in 
Table 4 2 .
Carbon disulphide was used for desorption in each case, a volume of 400 fiL being used 
for the filter and charcoal sections and 700 |iL  for the graphitised carbon section. 
Ultrasonic extraction was used to dissolve organic matter trapped on the filter because this 
material is bound to particles. This type of extraction was found to be unnecessary for 
the extraction of compounds from adsorbents, the extraction being complete after just a 
few minutes standing. However, to ensure maximum recovery a desorption time of at 
least two hours was used in each case.
A 100 JJ.L aliquot of the extract was transferred to a vial and 50 |iL of the internal standard 
solution added. The data system was calibrated using a standard mixture treated in the 
same way, i.e., 100 fiL standard solution plus 50 |iL internal standard, so that the result 
for each compound reported was in the unit of micrograms of that compound recovered 
from each sampler section. The desorption efficiency correction was applied to those 
components which cannot be fully recovered from adsorbents and various totals 
calculated; the total of each component, the total mass recovered from each sampler 
section and the total material recovered. From these results, a table of the mass of each 
component expressed as a percentage of total organic matter measured was drawn up. A
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large enough number of tests was planned to attach some statistical significance to this 
table.
7 .3  M odification to the sam pling device
After collection of two sets of samples, it was realised that a small amount of the 
compounds fluoranthene and pyrene were condensing on the walls of the sampler 
between the filter and first adsorbent. The sampler was modified so that there was 
contact between each section and there was no surface for condensation of these 
compounds. This modification resulted in construction of a new sampler from Delrin, a 
solvent resistant high density nylon. The new device was made of separate interlocking 
sections, separated by small 60# screens, so that each section contained only one 
adsorbent. Two different sections were made, one, for the first adsorbent, being 25 mm 
long and the other, to contain the charcoal back-up, being 10 mm long. It was possible to 
link any number of adsorbents in series using this device so that tests for breakthrough 
from either adsorbent section could be conveniently performed. The filter section was 
unchanged, retaining the 13 mm Teflon filter from earlier experiments. This device is 
shown in Figure 7.2.
Direction of air flow 
------------------------- ►
1 1
Teflon Graphtrap GB Charcoal 
filter
Figure 7.2 Modified sampling device for collection of coke oven emissions
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7 .4  Sampling and analysis of No.6 battery emissions
7.4.1 Sampling of coke oven emission: Set No. 1
This sampling exercise was the first using a Graphtrap GB/charcoal combination for 
collection of coke oven emissions. The aim was firstly to determine the concentrations at 
which identifiable compounds were present in the air on this battery and, secondly, to 
compare the distribution of compounds in the three sections of the sampler with 
laboratory scale experiments.
One sample device was placed on each of two platforms on the coke side of the battery. 
The wind was from the west, blowing along the battery toward the samplers (see Figure 
7.1). The air temperature at the sample locations was 33°C. During sampling, the 
duration of which was shorter than originally planned, production operations of charging 
and pushing were confined to the western half of the battery. This led to a condition 
where the west sampler was exposed to emissions from freshly charged ovens while 
ovens at the eastern end had been coking for a considerable time (~15 hours). Table 7.1 
shows the analysis o f both samples. Compound identification was made from a 
calculation of retention indices of each peak. A total of 80 compounds or isomeric groups 
was reported.
The mass of organic matter collected by each sampler was low, but sufficient for 
determination by capillary GC. Breakthrough of Cs compounds from Graphtrap to 
charcoal averaged <10%, because of the low overall loading. A significant finding of this 
work was that <5% of the total mass was recovered from the filter and filter retention of 
fluoranthene and pyrene was less than 20%. Retention of phenanthrene and anthracene 
by the filter was less than 2%. The assumption is made in standard procedures which use 
a filter for sampling of particulate PAH, e.g., OSHA's BSF test, that these compounds 
are fully retained. The data on percentage composition for individual components follows 
the trends of earlier samples collected at No.7 battery. Benzene was the major 
component, constituting approximately 37% of the total mass. PAH compounds were
108
only a minor part of the total and a significant difference in PAH levels between the two 
samplers was found. Higher PAH concentration in the air at the western end of the 
battery seems to reflect higher levels of emissions due to local charging operations. 
Relatively higher amounts o f volatile compounds (C6 - Cs aromatics) in the eastern 
sample may confirm the change in composition of emissions which occurs as coking
progresses.
East sample W est sample
Compound Filter
Lie
Graphtrap Charcoal 
US US
Total
US
%of
Total
Filter
us
Graphtrap Charcoal 
US US
Total
US
%of
Total
C6-C9 aliphatics 0.00 1.80 7.00 8.80 3.47 0.00 0.80 4.00 4.80 1.71
benzene 0.00 31.5 62.9 94.4 37.2 0.00 34.2 68.0 102.2 36.4
toluene 0.00 10.7 10.9 21.6 8.52 0.00 9.60 9.60 19.20 6.84
ethylbenzene 0.00 1.00 1.50 2.50 0.99 0.00 0.20 0.10 0.30 0.11
p-xylene, m-xylene 0.00 13.7 2.10 15.8 6.23 0.00 15.7 0.60 16.3 5.80
styrene 0.00 2.50 0.50 3.00 1.18 0.00 4.00 0.10 4.10 1.46
o-xylene 0.00 2.80 0.50 3.30 1.30 0.00 4.50 0.10 4.60 1.64
n-propylbenzene 0.00 1.30 0.00 1.30 0.51 0.00 1.10 0.00 1.10 0.39
mesitylene 0.00 . 1.60 0.00 1.60 0.63 0.00 1.60 0.00 1.60 0.57
pseudocumene 0.00 2.00 0.00 2.00 0.79 0.00 1.60 0.00 1.60 0.57
phenol 0.00 5.90 0.00 5.90 2.33 0.00 4.50 0.00 4.50 1.60
benzofuran 0.00 1.30 0.00 1.30 0.51 0.00 1.00 0.00 1.00 0.36
indan 0.00 0.45 0.00 0.45 0.18 0.00 0.30 0.00 : 0.30 0.11
indene 0.00 9.80 0.00 9.80 3.87 0.00 11.0 0.00 11.0 3.92
cresols 0.00 0.80 0.00 0.80 0.32 0.00 1.50 0.00 1.50 0.53
xylenols 0.00 0.50 0.00 0.50 0.20 0.00 1.00 0.00 1.00 0.36
methylindenes 0.00 0.20 0.00 0.20 0.08 0.00 0.50 0.00 0.50 0.18
naphthalene 0.00 41.0 0.00 41.0 16.2 0.00 51.4 0.00 51.4 18.3
benzo(b)thiophene 0.00 0.20 0.00 0.20 0.08 0.00 0.80 0.00 0.80 0.28
other alkylated benzenes 0.00 2.00 0.00 2.00 0.79 0.00 3.00 0.00 3.00 1.07
2-methylnaphthalene 0.00 3.70 0.00 3.70 1.46 0.00 4.90 0.00 4.90 1.75
1 -methy [naphthalene 0.00 1.80 0.00 1.80 0.71 0.00 2.50 0.00 2.50 0.89
biphenyl 0.00 0.57 0.00 0.57 0.22 0.00 0.70 0.00 0.70 0.25
dimethylnaphthalenes 0.00 2.50 0.00 2.50 0.99 0.00 4.00 0.00 4.00 1.42
acenaphthylene 0.00 2.70 0.00 2.70 1.07 0.00 4.00 0.00 4.00 1.42
acenaphthene 0.00 0.30 0.00 0.30 0.12 0.00 0.50 0.00 0.50 0.18
methylbiphenyls 0.00 0.30 0.00 0.30 0.12 0.00 0.70 0.00 0.70 0.25
dibenzofuran 0.00 2.00 0.00 2.00 0.79 0.00 3.80 0.00 3.80 1.35
trimethylnaphthalenes 0.00 0.20 0.00 0.20 0.08 0.00 0.50 0.00 0.50 0.18
fluorene 0.04 1.40 0.00 1.44 0.57 0.05 3.00 0.00 3.05 1.09
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benzindenes 0.00 0.10 0.00 0.10 0.04 0.00 0.30 0.00 0.30 0.11
methylfluorenes 0.00 1.00 0.00 1.00 0.39 0.00 0.70 0.00 0.70 0.25
dibenzothiophene 0.00 0.30 0.00 0.30 0.12 0.00 0.30 0.00 0.30 0.11
phenanthrene 0.08 4.40 0.00 4.48 1.77 0.07 8.20 0.00 8.27 2.95
anthracene 0.03 2.00 0.00 2.03 0.80 0.03 1.50 0.00 1.53 0.54
acridine 0.02 0.00 Ó.00 0.02 0.01 0.02 0.00 0.00 0.02 0.01
carbazole 0.07 0.00 0.00 0.07 0.03 0.12 0.30 0.00 0.42 0.15
methylphenan/anthracenes 0.06 0.20 0.00 0.26 0.10 0.06 1.20 0.00 1.26 0.45
4H-cy clopenta [def] phenanthrene 0.02 0.05 0.00 0.07 0.03 0.02 0.30 0.00 0.32 0.11
methylcarbazoles 0.02 0.00 0.00 0.02 0.01 0.02 0.10 0.00 0.12 0.04
2-phenylnaphthalene 0.07 0.10 0.00 0.17 0.07 0.10 0.40 0.00 0.50 0.18
dimethylphen/anthracenes 0.05 0.10 0.00 0.15 0.06 0.10 0.10 0.00 0.20 0.07
fluoranthene 0.31 2.14 0.00 2.45 0.97 0.29 1.90 0.00 2.19 0.78
acephenanthrylene 0.01 0.15 0.00 0.16 0.06 0.03 0.12 0.00 0.15 0.05
phenanthro(4,5-bcd)thiophene 0.01 0.15 0.00 0.16 0.06 0.01 0.12 0.00 0.13 0.05
aceanthrylene 0.01 0.15 0.00 0.16 0.06 0.01 0.12 0.00 0.13 0.05
pyrene 0.30 1.70 0.00 2.00 0.79 0.34 1.50 0.00 1.84 0.66
4H-benzo(def)carbazole 0.03 0.00 0.00 0.03 0.01 0.03 0.00 0.00 0.03 0.01
benzo(a)fluorene 0.23 0.00 0.00 0.23 0.09 0.23 0.00 0.00 0.23 0.08
benzo(b)fluorene 0.14 0.00 0.00 0.14 0.06 0.17 0.00 0.00 0.17 0.06
methylfluoranthenes 0.02 0.00 0.00 0.02 0.01 0.02 0.00 0.00 0.02 0.01
methylpyrenes 0.02 0.00 0.00 0.02 0.01 0.02 0.00 0.00 0.02 0.01
methylbenzfluorenes 0.03 0.00 0.00 0.03 0.01 0.03 0.00 0.00 0.03 0.01
benzo(b)naphtho(2,1 -d) thiophene 0.20 0.00 0.00 0.20 0.08 0.20 0.00 0.00 0.20 0.07
benzo(ghi)fluoranthene 0.10 0.00 0.00 0.10 0.04 0.10 0.00 0.00 0.10 0.04
benzo(c)phenanthrene 0.10 0.00 0.00 0.10 0.04 0.10 0.00 0.00 0.10 0.04
benzo(b)naphtho( 1,2-d) thiophene 0.05 0.00 0.00 0.05 0.02 0.05 0.00 0.00 0.05 0.02
benzo(b)naphtho(2,3-d)thiophene 0.10 0.00 0.00 0.10 0.04 0.10 0.00 0.00 0.10 0.04
cyclopenta(cd)pyrene 0.05 0.00 0.00 0.05 0.02 0.03 0.00 0.00 0.03 0.01
benz(a) anthracene 0.95 0.00 0.00 0.95 0.37 0.60 0.00 0.00 0.60 0.21
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chrysene +  triphenylene 1.06 0.00 0.00 1.06 0.42 0.78 0.00 0.00 0.78 0.28
benzocarbazoles 0.10 0.00 0.00 0.10 0.04 0.07 0.00 0.00 0.07 0.02
methylchrysenes (etc.) 0.05 0.00 0.00 0.05 0.02 0.05 0.00 0.00 0.05 0.02
cyclopenta(def)chrysene 0.50 0.00 0.00 0.50 0.20 0.50 0.00 0.00 0.50 0.18
benzo(b)fluoranthene 0.80 0.00 0.00 0.80 0.32 0.70 0.00 0.00 0.70 0.25
B(j)F +  B(k)F 0.40 0.00 0.00 0.40 0.16 0.40 0.00 0.00 0.40 0.14
benzo(a)fluoranthene 0.10 0.00 0.00 0.10 0.04 0.10 0.00 0.00 0.10 0.04
benzo(e)pyrene 0.60 0.00 0.00 0.60 0.24 0.40 0.00 0.00 0.40 0.14
benzo(a)pyrene 0.50 ' 0.00 0.00 0.50 0.20 0.41 0.00 0.00 0.41 0.15
perylene 0.15 0.00 0.00 0.15 0.06 0.10 0.00 0.00 0.10 0.04
indeno(7,1,2,3-cdef)chry sene 0.10 0.00 0.00 0.10 0.04 0.05 0.00 0.00 0.05 0.02
dibenz(a,j)anthracene 0.10 0.00 0.00 0.10 0.04 0.05 0.00 0.00 j 0.05 0.02
indeno( 1,2,3 -cd)pyrene 0.50 0.00 0.00 0.50 0.20 0.60 0.00 0.00 0.60 0.21
dibenz(aji)anthracene 0.10 0.00 0.00 0.10 0:04 0.10 0.00 0.00 0.10 0.04
benzo(b)chrysene 0.03 0.00 0.00 0.03 0.01 0.05 0.00 0.00 0.05 0.02
picene 0.03 0.00 0.00 0.03 0.01 0.03 0.00 0.00 0.03 0.01
benzo(ghi)perylene 0.40 0.00 0.00 0.40 0.16 0.60 0.00 0.00 0.60 0.21
anthanthrene 0.15 0.00 0.00 0.15 0.06 0.10 0.00 0.00 0.10 0.04
coronene 0.10 0.00 0.00 0.10 0.04 0.10 0.00 0.00 0.10 0.04
dibenzfluoranthene/pyrenes 0.10 0.00 0.00 0.10 0.04 0.10 0.00 0.00 0.10 0.04 .
Total micro grams 8.99 159.1 85.4 253.5 100.0 8.24 190.1 82.5 280.8 100.0
Percentage of total 3.5% 62.8% 33.7% 100.0% 2.9% 67.7% 29.4% 100.0%
Sampling flowrate 0.980 L/min 0.975 L/min
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7 .4 .2  Sampling of coke oven emission: Set No.2
In view of the low results obtained in the previous samples and the small value obtained 
for breakthrough of Cs compounds, it was planned to test the effect, in practice, of 
reducing the Graphtrap bed to 150 mg (~12 mm path length). Earlier laboratory-scale 
experiments had predicted that this bed size would be much less effective for retaining 
mono-aromatics. This sample was also used to test the effect of sampling in duplicate. 
The samplers were placed so that the inlets of each were separated by only 25 mm. 
Because of the wind direction (S - SW) it was necessary to place the apparatus on top of 
the collector main on the northern or push side of the battery. See Figure 7.1 for the 
sampling location.
The results of this sampling exercise are presented in Table 72 . In this case, 84 
compounds were identified, the trace components indole, methylbenzo(b)thiophene (3 
peaks), phenanthridine and methylphenylnaphthalene being added to the previous list. 
Good duplicates were obtained for all compounds except naphthalene, indicating that the 
sampling method is reproducible. The collector main was probably a poor choice as a 
sampling site. In the collector main, hot coke oven gas is sprayed with water, 
condensing tar and naphthalene. Sublimed naphthalene can be seen as flakes in the air 
when leakages occur. A large difference between naphthalene results from two samplers 
would occur if one crystal of sublimed naphthalene were to be drawn into one sample and 
not the other. The sampling temperature was very high due to the proximity o f the 
collector main to hot standpipes. Samples were collected at 43°C.
Even though the overall loading was low, retention of Cs compounds by Graphtrap was 
poor. This may have been influenced more by the high sampling temperature than by the 
150 mg adsorbent bed. However, it was apparent that no C9 compound was lost from 
the Graphtrap adsorbent. To ensure optimum sampling conditions it was planned to 
continue characterisation work using 300 mg of Graphtrap GB.
Sample N o.l Sample No.2
Compound Filter 
......Ug
Graphtrap Charcoal 
Ug___ UK
Total
Lie
% of
Total
Filter
u s
Graphtrap Charcoal 
Ug tig
Total
ug
% o f  
Total
C6-C9 aliphatics 0.00 0.60 2.00 2.60 1.46 0.00 0.60 7.00 7.60 3.41
benzene 0.00 3.50 50.9 54.4 30.5 0.00 13.2 47.0 60.2 27.0
toluene 0.00 0.40 18.9 19.3 10.8 0.00 2.60 17.5 20.1 9.03
ethylbenzene 0.00 0.16 0.80 0.96 0.54 0.00 0.80 1.30 2.10 0.94
p-xylene, m-xylene 0.00 2.90 4.80 7.70 4.32 0.00 6.40 10.20 16.60 7.46
styrene 0.00 0.15 0.10 0.25 0.14 0.00 0.20 0.00 0.20 0.09
o-xylene 0.00 0.85 1.00 1.85 1.04 0.00 2.00 2.60 4.60 2.07
n-propylbenzene 0.00 0.40 0.00 0.40 0.22 0.00 0.70 0.00 0.70 0.31
mesitylene 0.00 . 0.40 0.00 0.40 0.22 0.00 0.70 0.00 0.70 0.31
pseudocumene 0.00 0.55 0.00 0.55 0.31 0.00 1.30 0.00 1.30 0.58
phenol 0.00 0.65 0.00 0.65 0.36 0.00 1.80 0.00 1.80 0.81
benzofuran 0.00 0.40 0.00 0.40 0.22 0.00 0.40 0.00 0.40 0.18
indan 0.00 0.20 0.00 0.20 0.11 0.00 0.10 0.00 0.10 0.04
indene 0.00 2.80 0.00 2.80 1.57 0.00 3.30 0.00 3.30 1.48
cresols 0.00 0.90 0.00 0.90 0.50 0.00 1.00 0.00 1.00 0.45
xylenols 0.00 0.60 0.00 0.60 0.34 0.00 0.50 0.00 0.50 0.22
methylindenes 0.00 0.40 0.00 0.40 0.22 0.00 0.40 0.00 0.40 0.18
naphthalene 0.00 24.6 0.00 24.6 13.8 0.00 36.5 0.00 36.5 16.4
benzo(b)thiophene 0.00 0.50 0.00 0.50 0.28 0.00 0.50 0.00 0.50 0.22
other alkylated benzenes 0.00 2.00 0.00 2.00 1.12 0.00 2.00 0.00 2.00 0.90
2-methylnaphthalene 0.00 3.35 0.00 3.35 1.88 0.00 4.70 0.00 4.70 2.11
1 -methy lnaphthalene 0.00 1.30 0.00 1.30 0.73 0.00 1.80 0.00 1.80 0.81
methylbenzothiophenes 0.00 0.30 0.00 0.30 0.17 0.00 0.30 0.00 0.30 0.13
indole 0.00 0.10 0.00 0.10 0.06 0.00 0.10 0.00 0.10 0.04
biphenyl 0.00 0.75 0.00 0.75 0.42 0.00 1.00 0.00 1.00 0.45
dimethylnaphthalenes 0.00 2.90 0.00 2.90 1.63 0.00 3.20 0.00 3.20 1.44
acenaphthylene 0.00 4.10 0.00 4.10 2.30 0.00 4.80 0.00 4.80 2.16
acenaphthene 0.00 0.50 0.00 0.50 0.28 0.00 0.60 0.00 0.60 0.27
methylbiphenyls 0.00 0.50 0.00 0.50 0.28 0.00 0.60 0.00 0.60 0.27
dibenzofuran 0.00 3.20 0.00 3.20 1.79 0.00 4.50 0.00 4.50 2.02
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trimethylnaphthalenes 0.00 0.20 0.00 0.20 0.11 0.00 0.20 0.00 0.20 0.09
fluorene 0.02 3.50 0.00 3.52 1.97 0.02 4.00 0.00 4.02 1.81
benzindenes 0.00 0.30 0.00 0.30 0.17 0.00 0.30 0.00 0.30 0.13
methyliluorenes 0.00 2.30 0.00 2.30 1.29 0.00 1.90 0.00 1.90 0.85
dibenzothiophene 0.00 0.40 0.00 0.40 0.22 0.00 0.40 0.00 0.40 0.18
phenanthrene 0.08 9.60 0.00 9.68 5.43 0.08 10.20 0.00 10.28 4.62
anthracene 0.03 2.50 0.00 2.53 1.42 0.03 2.50 0.00 2.53 1.14
acridine 0.04 0.15 0.00 0.19 0.11 0.03 0.10 0.00 0.13 0.06
phenanthridine 0.04 • 0.60 0.00 0.64 0.36 0.04 0.70 0.00 0.74 0.33
carbazole 0.09 0.56 0.00 0.65 0.36 0.11 0.30 0.00 0.41 0.18
methylphenan/anthracenes 0.08 1.20 0.00 1.28 0.72 0.08 1.50 0.00 1.58 0.71
4H-cyclopenta[def]phenanthrene 0.02 0.30 0.00 0.32 0.18 0.02 0.50 0.00 0.52 0.23
methylcarbazoles 0.02 0.10 0.00 0.12 0.07 0.02 0.10 0.00 0.12 0.05
2-phenylnaphthalene 0.07 0.30 0.00 0.37 0.21 0.07 0.30 0.00 0.37 0.17
dimethylphen/anthracenes 0.01 0.10 0.00 0.11 0.06 0.02 0.10 0.00 0.12 0.05
fluoranthene 0.36 4.70 0.00 5.06 2.84 0.52 5.00 0.00 5.52 2.48
acephenanthrylene 0.02 0.10 0.00 0.12 0.07 0.04 0.10 0.00 0.14 0.06
phenanthro(4,5-bcd)thiophene 0.01 0.10 0.00 0.11 0.06 0.01 0.10 0.00 0 .11 0.05
aceanthrylene 0.01 0.04 0.00 0.05 0.03 0.02 0.04 0.00 0.06 0.03
pyrene 0.27 3.20 0.00 3.47 1.95 0.43 3.30 0.00 3.73 1.68
methylphenylnaphthalene 0.02 0.03 0.00 0.05 0.03 0.03 0.03 0.00 0.06 0.03
4H-benzo(def)carbazole 0.15 0.00 0.00 0.15 0.08 0.15 0.00 0.00 0.15 0.07
benzo(a)fluorene 0.15 0.00 0.00 0.15 0.08 0.19 0.00 0.00 0.19 0.09
benzo(b)fluorene 0.15 0.00 0.00 0.15 0.08 0.19 0.00 0.00 0.19 0.09
methylfluoranthenes 0.02 0.00 0.00 0.02 0.01 0.02 0.00 0.00 0.02 0.01
methylpyrenes 0.02 0.00 0.00 0.02 0.01 0.02 0.00 0.00 0.02 0.01
methylbenzfluorenes 0.05 0.00 0.00 0.05 0.03 0.06 0.00 0.00 0.06 0.03
benzo(b)naphtho(2,1 -d)thiophene 0.30 0.00 0.00 0.30 0.17 0.30 0.00 0.00 0.30 0.13
benzo(ghi)fluoranthene 0.15 0.00 0.00 0.15 0.08 0.15 0.00 0.00 0.15 0.07
benzo(c)phenanthrene 0.10 0.00 0.00 0.10 0.06 0.15 0.00 0.00 0.15 0.07
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T able 7.2 (cont.) Analysis o f coke oven emissions from N o .6 battery -
Sample set No.2
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7.4.3 Sampling of coke oven emission: Set No.3
Replicate sampling was performed with four samplers placed together on the platform at 
the eastern end of the coke side of No.6 battery. The sample tubes were taped together so 
that their inlets formed the comers of a square of 25 mm side. The flow rates, sampling 
time and sampled volume are shown below. Sampling temperature was 30°C and the 
wind was from the west.
Sampler N o . l N o.2 No.3 No.4
Flow rate (L min-1) 1.00 1.02 0.98 0.96
Sample time (min) 306 306 306 306
Volume (L) 306 312 300 294
The total mass o f each compound measured for the four samples is shown in Table 7.3. 
Mass spectrometry was performed on the charcoal extract o f sample 2 to confirm the 
identity o f aliphatic compounds eluting between CS2 and toluene. The major alkanes and 
alkenes were reported as individual components in Table 7.3. No alkyl component of 
higher MW than n-nonane was found. The distribution o f each component through the 
three sections o f the sampler is not shown but was similar to that found in earlier work. 
In each case, less than 5% of the total material recovered and less than 12% of PAH (2- to 
6-ring) was found on the filter. The table shows the average contribution of each 
component to the total in percentage terms. Standard deviations for these replicates were 
generally better than 5% of the mean, indicating the reproducibility of this sampling and 
analysis technique and showing that different sampling procedures can be compared if  the 
sample inlets are situated close together. This was an important observation for later 
experiments which will compare personal sampling devices with standard techniques.
Sample 1 Sample 2 Sample 3 Sample 4
C om pound Total % o f Total % o f Total % o f T otal • % o f M ean M ean % o f % R .S.D .
Ug Total Ug Total Ug Total U-g Total Total Total
n-hexane 1.10 0.42 1.10 0.43 0.80 0.34 1.10 0.43 1.03 0.41 10.5
hexadiene 0.30 0.11 0.30 0.12 0.28 0.12 0.30 0.12 0.30 0.12 2.3
benzene 80.8 30.6 73.6 28.8 67.8 29.1 84.0 33.2 76.5 30.4 6.6
n-heptane 1.06 0.40 1.11 0.43 0.96 0.41 1.00 0.40 1.03 0.41 4.1
m ethylcyclohexane 1.00 0.38 0.85 0.33 0.69 0.30 0.75 0.30 0.82 0.33 12.1
n-octane 0.62 0.24 0.65 0.25 0.54 0.23 0.59 0.23 0.60 0.24 4.4
toluene 24.6 9.31 23.6 9.21 21.3 9.11 21.9 8.67 22.8 9.07 3.1
ethylbenzene 1.18 0.45 1.24 0.48 1.03 0.44 0.89 0.35 1.09 0.43 13.1
p-xylene, m -xylene 15.3 5.81 15.2 5.96 13.2 5.66 13.0 5.14 14.2 5.64 6.3
styrene 4.30 1.63 4.52 1.77 3.72 1.59 3.53 1.39 4.02 1.60 9.6
o-xylene 3.30 1.25 ' 3.34 1.31 2.68 1.15 2.78 1.10 3.03 1.20 7.9
n-nonane 0.79 0.30 0.79 0.31 0.79 0.34 0.77 0.30 0.79 0.31 5.6
n-propylbenzene 1.45 0.55 1.24 0.48 1.10 0.47 1.10 0.43 1.22 0.49 9.9
m esitylene 1.41 0.53 1.67 0.65 1.42 0.61 1.47 0.58 1.49 0.59 8.4
benzonitrile 0.70 0.27 0.80 0.31 0.80 0.34 0.90 0.36 0.80 0.32 12.6
pseudocum ene 1.36 0.52 1.42 0.56 1.30 0.56 1.29 0.51 1.34 0.53 4.7
other alkyl com pounds 1.70 0.64 1.70 0.66 1.60 0.69 1.60 0.63 1.65 0.66 3.6
phenol 7.32 2.77 7.56 2.96 6.55 2.81 6.78 2.68 7.05 2.80 4.1
m ethylstyrene 0.30 0.11 0.30 0.12 0.30 0.13 0.20 0.08 0.28 0.11 19.5
benzofuran 0.79 0.30 0.79 0.31 0.80 0.34 0.90 0.36 0.82 0.33 8.2
in dan 0.20 0.08 0.22 0.09 0.33 0.14 0.32 0.13 0.27 0.11 29.3
indene 9.58 3.63 9.43 3.69 8.59 3.68 8.88 3.51 9.12 3.63 2.3
cresols 2.23 0.85 2.50 0.98 1.91 0.82 1.90 0.75 2.14 0.85 11.2
xylenols 0.89 0.34 0.85 0.33 0.70 0.30 0.60 0.24 0.76 0.30 15.3
m ethylindenes 0.65 0.25 0.65 0.25 0.55 0.24 0.55 0.22 0.60 0.24 6.7
naphthalene 44.7 16.9 43.6 17.0 41.6 17.8 43.5 17.2 43.3 17.2 2.3
benzo(b)thiophene 0.68 0.26 0.73 0.29 0.55 0.24 0.57 0.23 0.63 0.25 10.6
o ther alkylated benzenes 2.00 0.76 2.00 0.78 2.00 0.86 2.00 0.79 2.00 0.80 5.3
2-m ethylnaphthalene 4.42 1.68 4.14 1.62 4.06 1.74 4.11 1.62 4.18 1.66 3.4
1 -m ethylnaphthalene 2.38 0.90 2.27 0.89 2.21 0.95 2.28 0.90 2.29 0.91 2.9
m ethylbenzo thiophenes 0.30 0.11 0.30 0.12 0.20 0.09 0.10 0.04 0.23 0.09 40.3
indole 0.14 0.05 0.18 0.07 0.16 0.07 0.15 0.06 0.16 0.06 12.9
biphenyl 0.97 0.37 0.94 0.37 0.88 0.38 0.87 0.34 0.92 0.36 3.9
dim ethylnaphthalenes 4.40 1.67 4.70 1.84 4.34 1.86 3.48 1.37 4.23 1.69 13.3
o
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acenaphthylene 3.66 1.39 3.22 1.26 3.13 1.34 3.29 1.30 3.33 1.32 4.2
acenaphthene 0.73 0.28 0.61 0.24 0.54 0.23 0.53 0.21 0.60 0.24 11.7
m ethylbiphenyls 0.75 0.28 0.70 0.27 0.60 0.26 0.60 0.24 0.66 0.26 7.8
dibenzofuran 3.40 1.29 3.20 1.25 2.96 1.27 3.23 1.28 3.20 1.27 1.2
trim ethylnaphthalenes 0.70 0.27 0.65 0.25 0.60 0.26 0.60 0.24 0.64 0.25 4.7
fluorene 2.10 0.80 1.99 0.78 1.62 0.69 2.01 0.79 1.93 0.77 6.3
benzindenes 0.75 0.28 0.75 0.29 0.75 0.32 0.75 0.30 0.75 0.30 5.3
m ethylfluorenes 1.80 0.68 2.10 0.82 2.00 0.86 2.00 0.79 1.98 0.79 9.6
dibenzo thiophene 0.48 0.18 0.50 0.20 0.48 0.21 0.50 0.20 0.49 0.20 5.1
phenanthrene 6.92 2.62 7.46 2.92 6.36 2.73 7.04 2.78 6.95 2.76 4.4
anthracene 1.84 0.70 ' 2.10 0.82 1.57 0.67 1.83 0.72 1.84 0.73 8.9
acridine 0.31 0.12 0.21 0.08 0.19 0.08 0.17 0.07 0.22 0.09 24.6
phenanthridine 0.28 0.11 0.28 0.11 0.24 0.10 0.28 0.11 0.27 0.11 3.3
carbazole 0.35 0.13 0.36 0.14 0.22 0.09 0.29 0.11 0.31 ! 0.12 17.1
m ethylphenan/anthracenes 1.28 0.49 1.29 0.50 1.33 0.57 1.47 0.58 1.34 0.54 8.9
4H -cyclopenta[def]phenanthrene 0.27 0.10 0.32 0.13 0.27 0.12 0.28 0.11 0.29 0.11 8.4
m ethylcarbazoles 0.05 0.02 0.05 0.02 0.05 0.02 0.03 0.01 0.05 0.02 23.4
2-phenylnaphthalene 0.06 0.02 0.07 0.03 0.06 0.03 0.05 0.02 0.06 0.02 14.1
dim ethylphen/anthracenes 0.11 0.04 0.26 0.10 0.26 0.11 0.28 0.11 0.23 0.09 36.6
fluoranthene 2.94 1.11 3.23 1.26 2.86 1.23 3.25 1.28 3.07 1.22 6.2
acephenan thry lene 0.14 0.05 0.16 0.06 0.15 0.06 0.15 0.06 0.15 0.06 8.3
phenanthro(4,5-bcd)thiophene 0.17 0.06 0.17 0.07 0.17 0.07 0.17 0.07 0.17 0.07 5.3
aceanthrylene 0.13 0.05 0.15 0.06 0.23 0.10 0.18 0.07 0.17 0.07 30.9 .
pyrene 1.95 0.74 2.13 0.83 2.11 0.90 2.16 0.85 2.09 0.83 8.3
m ethy lpheny lnaph thalene 0.04 0.02 0.06 0.02 0.04 0.02 0.05 0.02 0.05 0.02 19.4
4H -benzo(def)carbazole 0.15 0.06 0.15 0.06 0.12 0.05 0.12 0.05 0.14 0.05 9.6
benzo(a)fluorene 0.18 0.07 0.18 0.07 0.14 0.06 0.14 0.06 0.16 0.06 11.1
benzo(b)fluorene 0.10 0.04 0.07 0.03 0.06 0.03 0.07 0.03 0.08 0.03 18.7
m ethylfluoranthenes 0.02 0.01 0.02 0.01 0.02 0.01 0.02 0.01 0.02 0.01 5.3
m ethylpyrenes 0.02 0.01 0.02 0.01 0.02 0.01 0.02 0.01 0.02 0.01 5.3
m ethylbenzfluorenes 0.05 0.02 0.05 0.02 0.05 0.02 0.05 0.02 0.05 0.02 5.3
benzo(b)naphtho(2 ,1 -d) thiophene 0.25 0.09 0.25 0.10 0.28 0.12 0.25 0.10 0.26 0.10 11.3
benzo(ghi)fluoranthene 0.13 0.05 0.13 0.05 0.14 0.06 0.13 0.05 0.13 0.05 9.2
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benzo(c)phenanthrene 0.11 0.04 0.11 0.04 0.13 0.06 0.10 0.04 0.11 0.04 16.2
benzo(b)naphtho(l ,2-d) th iophene 0.15 0.06 0.15 0.06 0.15 0.06 0.12 0.05 0.14 0.06 12.4
b enzo(b)n aph tho(2,3-d) th iophene 0.10 0.04 0.10 0.04 0.10 0.04 0.09 0.04 0.10 0.04 7.9
cyclopenta(cd)pyrene 0.06 0.02 0.06 0.02 0.06 0.03 0.06 0.02 0.06 0.02 5.3
benz(a)anthracene 0.97 0.37 0.93 0.36 0.90 0.39 0.79 0.31 0.90 0.36 8.9
chrysene + triphenylene 1.05 0.40 1.02 0.40 0.97 0.42 0.80 0.32 0.96 0.38 11.7
benzocarbazoles 0.30 0.11 0.30 0.12 0.30 0.13 0.30 0.12 0.30 0.12 5.3
m ethylchrysenes (etc.) 0.10 0.04 0.10 0.04 0.10 0.04 0.10 0.04 0.10 0.04 5.3
4H -cyclopenta(def)chrysene (etc) 0.10 0.04 0.10 0.04 0.10 0.04 0.10 0.04 0.10 0.04 5.3
benzo(b)fluoranthene 1.07 0.41 1.02 0.40 0.91 0.39 0.89 0.35 0.97 0.39 6.2
B(j)F  + B(k)F 0.77 0.29 0.79 0.31 0.74 0.32 0.56 0.22 0.72 0.28 15.3
benzo(a)fluoranthene 0.16 0.06 0.16 0.06 0.22 0.09 0.25 0.10 0.20 0.08 25.6
benzo(e)pyrene 0.75 0.28 0.77 0.30 0.63 0.27 0.55 0.22 0.68 0.27 13.5
benzo(a)pyrene 0.82 0.31 0.84 0.33 0.75 0.32 0.61 0.24 0.76 i 0.30 13.4
perylene 0.22 0.08 0.23 0.09 0.21 0.09 0.20 0.08 0.22 ' 0.09 6.3
indeno(7,1,2,3-cdef)chry sene 0.12 0.05 0.12 0.05 0.09 0.04 0.08 0.03 0.10 0.04 17.3
dibenz(a,j)anthracene 0.12 0.05 0.12 0.05 0.09 0.04 0.08 0.03 0.10 0.04 17.3
indeno(l,2 ,3-cd)pyrene 0.63 0.24 0.67 0.26 0.52 0.22 0.39 0.15 0.55 0.22 21.2
dibenz(a,h)anthracene 0.14 0.05 0.13 0.05 0.11 0.05 0.10 0.04 0.12 0.05 12.5
benzo(b)chrysene 0.08 0.03 0.09 0.04 0.09 0.04 0.08 0.03 0.09 0.03 11.0
picene 0.08 0.03 0.09 0.04 0.09 0.04 0.08 0.03 0.09 0.03 11.0
benzo(ghi)perylene 0.56 0.21 0.53 0.21 0.46 0.20 0.40 0.16 0.49 0.19 12.7
anthanthrene 0.18 0.07 0.15 0.06 0.15 0.06 0.09 0.04 0.14 0.06 25.8
coronene 0.05 0.02 0.05 0.02 0.03 0.01 0.05 0.02 0.05 0.02 18.5
dibenzfluoranthene/pyrenes 0.10 0.04 0.10 0.04 0.10 0.04 0.15 0.06 0.11 0.04 22.1
T otal micro grams 263.4 100.0 255.2 100.0 232.8 100.0 252.7 100.0
Sam pling flowrate 1.00 L/min 1.02 L/min 0.98 L/m in 0.96 L/min
% on F ilter 4.4 4.5 4.5 3.7
% in Graph trap GB 56.1 60.3 60.9 61.7
% in Charcoal 39.5 35.2 34.6 34.6
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7 .4 .4  Sampling of coke oven emission: Set No.4
For this exercise, two samplers were placed directly on the oven top, at a location 
midway between the two coke-side platforms, and separated by about 3m. One sampler 
was located on the west platform. The samplers on the oven top were were much closer 
to emission sources and exposed to higher concentrations of emissions than the one 
placed above the battery on the platform. The aim in this case was to investigate possible 
differences in the composition of emissions near their source where their concentration in 
the air is high and more remotely after they had dispersed. The exercise was also 
designed to test the filter retention o f semi-volatile PAH from the same source for 
different filter loadings.
Table 7.4 shows the total of individual compounds analysed in the three samples, and the 
relative percentage of each compound. Because alkanes other than the few individual 
compounds listed in Table 7.3 were present, all aliphatic compounds were grouped 
together and reported as a sum. All future results would use this grouping method for 
reporting alkyl compounds. There are 87 components listed in Table 7.4. Although 
agreement between samples was not as good as in the replicates described previously, all 
samples showed the same trends in individual component concentration. The samples 
collected close to the emission source each contained 50% more mass than the one 
collected at the more remote location, a predictable consequence of observations at the 
sample site. Gases emitting from leaking charge-hole lids are visible as brownish fume 
close to the brickwork but are well dispersed and "wispy" at a distance of one metre 
above the oven top.
The two samples on the oven top were collected at a temperature of between 40 and 45°C, 
while the sample on the platform was collected at 30 - 35°C. The amount of fluoranthene 
retained by the filter in the three samples was 14.6%, 14.9% and 13.4% respectively. 
Distribution of components through all sections of the sampler was constant (Table 7.4). 
The inverse effects of high sampling temperature and high loading produced similar
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retention data in each sample. A consequence of the work to this point was to show that 
the amount of semi-volatile PAH retained by the filter is predictable, being dependent on 
sampling temperature and the concentration of emissions in the air. These dependencies 
show the need to be cautious o f BSF data and the importance of recording atmospheric 
conditions when using filtering techniques for sampling.
1 2 2
T able 7.4 Analysis o f coke oven emissions from N o .6 battery -
Sample set No.4
Sample 1 Sample 2 Sample 3
Compound Total jig % o f
Total
Total pg % o f
Total
Total pg %oi
Total
Mean % 
of Total
Standard
deviation
C6-C9 aliphalics 3.29 0.59 3.27 0.61 4.14 1.10 0.77 0.29
benzene 168.2 30.1 131.0 24.4 111.9 29.7 28.1 3.16
toluene 49.3 8.81 40.6 7.57 40.4 10.7 9.04 1.60
ethylbenzene 1.82 0.33“ ' 1.90 0.35 1.66 0.44 0.37 0.06
p-xylene, m-xylene 17.0 3.04 18.1 3.39 16.4 4.34 3.59 0.67
styrene 3.10 0.55 4.71 0.88 2.76 0.73 0.72 0.16
o-xylene 3.18 0.57 3.52 0.66 3.36 0.89 0.71 0.17
n-propylbenzene 1.70 0.30 1.69 0.32 1.97 0.52 0.38 0.12
mesitylene 1.90 0.34 2.29 0.43 2.29 0.61 0.46 0.14
benzonitrile 1.40 0.25 1.80 0.34 1.16 0.31 0.30 0.04
pseudocumene 1.90 0.34 2.50 0.47 2.40 0.64 0.48 0.15
phenol 6.39 1.14 8.13 1.52 6.10 1.62 1.43 0.25
benzofuran 1.20 0.21 0.90 0.17 1.45 0.39 0.26 0.11
indan 1.06 0.19 1.23 0.23 0.92 0.24 0.22 0.03
indene 16.0 2.85 17.7 3.29 12.6 3.34 3.16 0.27
cresols 1.71 0.31 2.30 0.43 1.30 0.35 0.36 0.06
xylenols 0.75 0.13 0.70 0.13 0.69 0.18 0.15 0.03
methylindenes 0.84 0.15 0.70 0.13 0.84 0.22 0.17 0.05
naphthalene 128.2 22.9 142.2 26.5 72.9 19.4 22.9 3.59
benzo(b)thiophene 1.68 0.30 1.50 0.28 1.03 0.27 0.28 0.01
other alkylated benzenes 2.00 0.36 3.00 0.56 1.50 0.40 0.44 0.11
2-methylnaphthalene 11.3 2.02 12.1 2.25 7.47 1.99 2.09 0.14
1 -methylnaphthalene 3.94 0.70 4.37 0.82 3.04 0.81 0.78 0.06
methylbenzo(b)thiophenes 0.03 0.01 0.03 0.01 0.04 0.01 0.01 0.00
indole 0.10 0.02 0.12 0.02 0.10 0.03 0.02 0.00
biphenyl 2.60 0.46 2.78 0.52 1.56 0.41 0.47 0.05
dimethylnaphthalenes 5.20 0.93 5.20 0.97 6.92 1.84 1.25 0.51
acenaphthylene 9.97 1.78 10.4 1.94 4.83 1.28 1.67 0.34
acenaphthene 2.44 0.44 2.76 0.52 1.43 0.38 0.44 0.07
mcthylbiphenyls 1.98 0.35 2.09 0.39 1.87 0.50 0.41 0.07
dibenzofuran ' 9.70 1.73 10.2 1.91 5.05 1.34 1.66 0.29
trimethylnaphthalcncs 0.94 0.17 0.62 0.12 1.07 0.28 0.19 0.09
fluorene 6.08 1.09 6.26 1.17 2.79 0.74 1.00 0.23
benzindenes 1.83 0.33 2.23 0.42 1.67 0.44 0.40 0.06
methylfluorenes 4.29 0.77 5.39 1.01 1.58 0.42 0.73 0.29
dibenzothiophene 1.99 0.36 1.26 0.24 1.04 0.28 0.29 0.06
phenanthrene 23.6 4.22 25.6 4.77 13.8 3.68 4.22 0.55
anthracene 5.26 • 0.94 5.63 1.05 3.71 0.99 0.99 0.06
acridine 0.28 0.05 0.37 0.07 0.19 0.05 0.06 0.01
phenanthridine 0.22 0.04 0.30 0.06 0.31 0.08 0.06 0.02
carbazole 0.95 0.17 0.77 0.14 0.42 0.11 0.14 0.03
methylphenan/anthracenes 3.55 0.63 3.85 0.72 2.62 0.70 0.68 0.04
4H-cyclopenta[def]phenanthrene 0.89 0.16 0.83 0.15 0.47 0.12 0.15 0.02
methylcarbazoles 0.07 0.01 0.06 0.01 0.06 0.02 0.01 0.00
2-phenylnaphthalene 0.05 0.01 0.05 0.01 0.03 0.01 0.01 0.00
dimethylphen/anlhracenes 1.40 0.25 0.53 0.10 0.35 0.09 0.15 0.09
fluoranthene 10.1 1.81 8.25 1.54 5.46 1.45 1.60 0.18
acephenanthrylene 0.36 0.06 0.33 0.06 0.26 0.07 0.07 0.00
phenanthro(4,5 -bcd)lhiophene 0.49 0.09 0.43 0.08 0.43 0.11 0.09 0.02
aceanthrylene 0.28 0.05 0.29 0.05 0.24 0.06 0.06 0.01
pyrene 7.33 1.31 5.00 0.93 3.91 1.04 1.09 0.19
melhylphenylnaphthalene 0.13 0.02 0.10 0.02 0.08 0.02 0.02 0.00
benzonaphthofurans 0.10 0.02 0.25 0.05 0.13 0.03 0.03 0.01
4H-benzo(def)caibazole 0.21 0.04 0.16 0.03 0.11 0.03 0.03 0.00
benzo(a)fluorene 0.44 0.08 0.40 0.07 0.31 0.08 0.08 0.00
benzo(b)fluorene 0.20 0.04 0.17 0.03 0.16 0.04 0.04 0.01
methyliluoranthenes 0.30 0.05 0.21 0.04 0.11 0.03 0.04 0.01
methvlnvrenes 0.27 0.05 0.20 0.04 0.15 0.04 0.04 0.01
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T able 7.4 (cont.) Analysis o f coke oven emissions from N o .6 battery -
Sample set No.4
Sample 1 Sample 2 Sample 3
Compound Total jig % o f Total pg % o f Total jig %of Mean % Standard
Total Total Total of Total deviation
methylbenzflu orenes 0.85 0.15 0.46 0.09 0.19 0.05 0.10 0.05
benzo(b)naphlho(2,l -d)lhiophcne 1.06 0.19 0.81 0.15 0.31 0.08 0.14 0.05
benzo(ghi)fluoranthene 0.48 0.09 0.34 0.06 0.11 0.03 0.06 0.03
benzo(c)phenanthrene 0.43 0.08 0.26 0.05 0.11 0.03 0.05 0.02
benz(c)acridene 0.45 0.08 0.29 0.05 0.11 0.03 0.05 0.03
benzo(b)naphtho(l ,2-d)thiophene 0.34 0.06 0.31 0.06 0.07 0.02 0.05 0.02
benzo(b)naphtho(2,3-d)thiophene 0.24 0.04 0.19 0.04 0.09 0.02 0.03 0.01
cydopenta(cd)pyrenc 0.16 0.03 0.10 0.02 0.10 0.03 0.02 0.01
benz(a)anthracene 3.03 0.54 2.91 0.54 1.18 0.31 0.47 0.13
chrysene +  triphcnylcne 3.25 0.58 3.49 0.65 1.21 0.32 0.52 0.17
bcnzocaibazolcs 0.68 0.12 0.83 0.15 0.46 0.12 0.13 0.02
methylchrysenes (etc.) 1.10 0.20 0.95 0.18 0.50 0.13 0.17 0.03
4H-cyclopenta(def)chryscne (etc) 1.20 0.21 0.59 0.11 0.23 0.06 0.13 0.08
benzo(b)fluoranthene 2.29 0.41 2.45 0.46 1.04 0.28 0.38 0.09
B(j)F +  B(k)F 2.05 0.37 2.16 0.40 0.82 0.22 0.33 0.10
benzo(a)fluoranthene 0.43 0.08 0.41 0.08 0.24 0.06 0.07 0.01
benzo(e)pyrene 1.90 0.34 1.88 0.35 0.95 0.25 0.31 0.05
bcnzo(a)pyrene 2.05 0.37 1.95 0.36 1.14 0.30 0.34 0.04
perylene 0.39 0.07 0.38 0.07 0.25 0.07 0.07 0.00
indeno(7,l ,2,3-cdef)chrysene 0.18 0.03 0.20 0.04 0.16 0.04 0.04 0.01
dibenz(aj)anthracene 0.30 0.05 0.26 0.05 0.25 0.07 0.06 0.01
indeno(l ,2,3-cd)pyrene 1.39 0.25 1.31 0.24 1.05 0.28 0.26 0.02
dibcnz(adi)anthraccne 0.49 0.09 0.54 0.10 0.39 0.10 0.10 0.01
benzo(b)chrysene 0.20 0.04 0.17 0.03 0.23 0.06 0.04 0.02
picene 0.23 0.04 0.24 0.04 0.28 0.07 0.05 0.02
benzo(ghi)perylcne 1.13 0.20 1.27 0.24 1.21 0.32 0.25 0.06
anthanthrcne 0.26 0.05 0.25 0.05 0.35 0.09 0.06 0.03
coronene 0.10 0.02 0.20 0.04 0.15 0.04 0.03 0.01
total MW 302 1.20 0.21 1.50 0.28 1.70 0.45 0.32 0.12
Total micrograms • 559.2 100.0 535.9 100.0 376.3 100.0
Pump flow rate fL/min) 0.990 0.940 0.935
Sampling time (min) 349 349 349
Volume sampled (L) 346 328 326
Milligrams per cubic meter 1.62 1.63 1.15
% on Filter 5.9 5.8 4.6
% in Graph trap GB 60.2 67.9 63.6
% in Charcoal 33.9 26.4 31.8
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7.4 .5  Sampling of coke oven emission: Set No.5
It was not often possible to coordinate availability of the GC-MS system and sampling at 
the coke ovens, because o f a number o f factors including the weather and supply of 
sample pumps. Very little mass spectrometry was performed on the first four sample 
sets. The coal tar and BTX characterisations described earlier (Section 4) identified 113 
individual compounds or isomeric groups, such as methyl- or dimethyl-PAH in these 
products. A total of only 87 components o f emission samples had been identified by 
retention index and use of a limited number of reference compounds. It was necessary to 
confirm these identifications and to check for any unidentified compounds by collecting a 
set of samples specifically for GC-MS.
Two samples were collected on the western coke-side platform at N o .6 battery. One 
problem in the use of Graphtrap GB as an adsorptive trap, identified by earlier work, is 
the poor recovery of the 4-ring compounds fluoranthene and pyrene. The previous four 
sets of samples had indicated a poor retention of these compounds by the filter, more than 
80% of each being recovered from the Graphtrap section. To check for errors introduced 
when correcting for the low desorption efficiency, one of the samplers used Graphpac 
GC as the first adsorbent, followed by Graphtrap GB and charcoal in series. Recovery 
of fluoranthene and pyrene from Graphpac GC by CS2 is almost complete, being 84.8 
and 83.0% respectively (Table 5 3).
Extracts from the filter/Graphtrap GB/charcoal sampler were analysed by GC-FID for 
total component measurement and GC-MS for component identification. The analysis 
(GC-FID) from the sampler containing a Graphpac GC section was used as a control for 
comparison of fluoranthene and pyrene (also phenanthrene and the other 3-ring PAH) 
determination.
Table 7.5 lists the compounds extracted from the three sections of the sampler by CS2 
and identified by GC-MS. The charcoal extract contained 19 to Cs aliphatic and
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aromatic compounds. Compounds with fewer than 6 carbons were masked by the 
solvent and not identified. Characterisation of BTX showed the presence of C3 to C5 
hydrocarbons in trace quantities; these compounds cannot be measured by the solvent 
desorption technique but may be measured by sampling and analysis as gases. Hydrogen 
and methane constitute the major portion of coke ovens gas (60% and 25%, respectively) 
and should be present in the air above the coke oven battery in far greater quantity than 
PAH compounds. Although these gases are not o f as much interest as PAH for their 
effect on employee health, their analysis, along with oxygen, nitrogen, carbon dioxide 
and C2 to C5 hydrocarbons should be attempted for a complete understanding of coke 
oven emissions.
Identifications were assigned to 115 peaks in the chromatogram from the Graphtrap GB 
extract and 111 peaks in that from the filter extract. There was some overlap when 
several of these compounds were found in both sections (there was also overlap between 
charcoal and Graphtrap extracts) leaving a total of 215 compounds identified. Positive 
identification o f the individual methyl- or dimethyl-PAH isomers was not possible in 
most cases. These compounds were grouped under a general heading in Table 7.5 and 
the number of identified peaks recorded. Because each individual aliphatic compound 
was a minor constituent and positive identification o f the isomers was not made, these 
compounds were also grouped. Only C& to C9 aliphatic compounds were found. Alkyl- 
substituted benzenes other than the major C7 to C9 isomers, which were confirmed, were 
grouped under the general heading "other alkyl benzenes". In Table 7.6, the analysis of 
the two samples, a total of 99 components are reported. This listing of constituents of 
coke oven emissions became the basis for all future work for this project.
Table 7.6 also shows that little difference was found between the amounts of fluoranthene 
and pyrene recovered from each sampler, when the results are expressed on a percentage 
basis. Although the recovery of these compounds from Graphtrap GB is poor, and most 
of their mass was found in the back-up, the desorption efficiency as calculated previously
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was proved to be reliable enough to cause little error in the determination. The total mass 
recovered from each sampler was very small and the amount retained by the filter was 
higher than that found in previous samples. This unexplained observation is contrary to 
normal experience which has led to a prediction of higher breakthrough of PAH from the 
filter when the loading is low.
Table 7.5 Summary of compounds identified in coke ovens emissions
(a) Compounds recovered from charcoal
1-hexene benzene dimethylcyclohexane
n-hexane thiophene n-octane
methylpentane n-heptane ethylbenzene
methylcyclopentane methylcyclohexane m-xylene
1,4-hexadiene ethylcyclopentane styrene
cyclohexane methylhexadiene
toluene
o-xylene
(b) Compounds recovered from Graphtrap GB
benzene C4 benzene methyldibenzofuran
thiophene (4 peaks) (2 peaks)
n-heptane m-cresol methylfluorene
methylcyclohexane methylindene (3 peaks)
toluene (3 peaks) dimethyldibenzofuran
dimethylcyclohexane xylenol (3 peaks)
oct-1-ene (3 peaks) dibenzothiophene
n-octane naphthalene phenanthrene
ethylcyclohexane benzo(b)thiophene anthracene
ethylbenzene quinoline acridine
m-xylene methylbenzo(b)thiophene benzoquinolines
ethynylbenzene (3 peaks) (2 peaks)
styrene 2-methylnaphthalene carbazole
o-xylene 1 -methylnaphthalene methylphenanthrene
n-nonane indole (2 peaks)
unknown aliphatics biphenyl 4H-cyclopenta(def)-
(17 peaks) dimethylnaphthalene phenanthrene
n-propylbenzene (8 peaks) methylanthracene
mesitylene vinylnaphthalene (2 peaks)
pseudocumene acenaphthylene 2-phenylnaphthalene
phenol acenaphthene dimethylphenanthrene
benzonitrile methylbiphenyl (3 peaks)
methylstyrene (3 peaks) fluoranthene
benzofuran dibenzofuran acephenanthrylene
indan trimethylnaphthalene phenantro(4,5-bcd)-
indene (6 peaks) phenanthrene
o-cresol fluorene aceanthrylene
pyrene
methylphenylnaphthalene
Table 7.5 Summary of compounds identified in coke ovens emissions
(c) Compounds recovered from filter
phenanthrene
anthracene
acridine
benzoquinolines 
(2 peaks) 
carbazole
methylphenanthrene 
(3 peaks)
4H-cyclopenta(def)- 
phenanthrene 
methylanthracene 
(4 peaks)
methylbenzquinoline 
(4 peaks)
2-phenylnaphthalene 
dimethylphenanthrene /  
anthracene (5 peaks) 
vinylphenanthrene 
fluoranthene 
acephenanthrylene 
phenanthro(4,5-bcd)- 
phenanthrene 
aceanthrylene 
pyrene
methylphenyl-
naphthalene 
azapyrene/fluoranthene 
(4 peaks)
benzonaphthofuran 
(3 peaks)
methylfluoranthene 
(3 peaks)
4H-benzo(def)carbazole 
benzo(a)fluorene 
benzo(b)fluorene 
methylbenzonaphtho- 
furan (5 peaks) 
methylpyrene 
(3 peaks) 
dimethylpyrene /  
fluoranthene (6 peaks) 
benzo(b)naphtho(2,1 -d)- 
thiophene
benzo(c)phenanthrene 
benzo(^hi)fluoranthene 
benz(c)acridine 
benzo(b)naphtho( 1,2-d)- 
thiophene
benzo(b)naphtho(2,3-d)- 
thiophene 
benz(a)anthracene 
chrysene 
benzocarbazole 
(3 peaks) 
naphthacene 
benzan throne 
methylchrysene /  
benz(a)anthracene (7 peaks) 
binaphthylene 
(2 peaks)
benzo(b)fluoranthene 
benzo(j)fluoranthene 
benzo(k)fluoranthene 
benzo(a)fluoranthene 
methylbinaphthyls 
(3 peaks) 
benzo(e)pyrene 
benzo(a)pyrene 
perylene
methylbenzfluoranthene /  
benzpyrene (13 peaks) 
indeno(7,1,2,3-cdef)- 
chrysene
dibenz(aj)anthracene 
indeno(l ,2,3-cd)pyrene 
dibenz(a,h)anthracene 
benzo(b)chrysene 
picene
benzo(ghi)perylene
anthanthrene
Sample 1 - Graphtrap GB only Sample 2 - Graphpac GC + Graphtrap GB
No. Compound Filter
Lie
Graphtrap Charcoal 
ue lie
Total pg %of
Total
Filter
ue
Graphtrap Graphtrap Charcoal 
____GC (ue) GB (ue)____ ue__
Total pg % of 
Total
1 C6-C9 aliphatics 0.00 0.64 1.69 2.33 2.03 0.00 0.00 0.00 1.41 1.41 1.88
2 benzene 0.00 8.40 44.9 53.3 46.4 0.00 0.00 10.0 25.6 35.6 47.5
3 toluene 0.00 1.42 6.50 7.92 6.89 0.00 0.00 1.72 3.27 4 .99 6.66
4 ethylbenzene 0.00 0.22 0.27 0.49 0.43 0.00 0.00 0.30 0.10 0.40 0.53
5 p-xylene, m-xylene 0.00 1.82 1.39 3.21 2.79 0.00 0.00 1.85 0.36 2.21 2.95
6 styrene 0.00 0.40 0.10 0.50 0.44 0.00 0.00 0.20 0.04 0.24 0.32
7 o-xylene 0.00 0.81 0.28 1.09 0.95 0.00 0.00 0.75 0.10 0.85 1.13
8 n-propylbenzene 0 .00 . 0.58 0.00 0.58 0.50 0.00 0.00 0.35 0.00 0.35 0.47
9 mesitylene 0.00 0.53 0.00 0.53 0.46 0.00 0.00 0.41 0.00 0.41 0.55
10 benzonitrile 0.00 0.40 0.00 0.40 0.35 0.00 0.00 0.20 0.00 0.20 0.27
11 pseudocumene 0.00 0.84 0.00 0.84 0.73 0.00 0.00 0.63 , 0.00 0.63 0.84
12 phenol 0.00 0.65 0.00 0.65 0.57 0.00 0.00 0.64 0.00 0.64 0.85
13 benzofuran 0.00 0.05 0.00 0.05 0.04 0.00 0.00 0.30 0.00 0.30 0.40
14 indan 0.00 0.20 0.00 0.20 0.17 0.00 0.00 0.11 0.00 0.11 0.15
15 indene 0.00 1.50 0.00 1.50 1.31 0.00 0.00 0.68 0.00 0.68 0.91
16 cresols 0.00 0.14 0.00 0.14 0.12 0.00 0.00 0.05 0.00 0.05 0.07
17 xylenols 0.00 0.05 0.00 0.05 0.04 0.00 0.02 0.02 0.00 0.04 0.05
18 methylindenes 0.00 0.05 0.00 0.05 0.04 0.00 0.02 0.01 0.00 0.03 0.04
19 naphthalene 0.00 13.1 0.00 13.1 11.4 0.00 5.45 0.68 0.00 6.13 8.18
20 benzo(b)thiophene 0.00 0.22 0.00 0.22 0.19 0.00 0.03 0.04 0.00 0.07 0.09
21 other alkylated benzenes 0.00 0.70 0.00 0.70 0.61 0.00 0.00 0.20 0.00 0.20 0.27
22 2-methylnaphthalene 0.00 0.76 0.00 0.76 0.66 0.00 0.66 0.00 0.00 0.66 0.88
23 1 -methylnaphthalene 0.00 0.28 0.00 0.28 0.24 0.00 0.26 0.00 0.00 0.26 0.35
24 methylbenzothiophenes 0.00 0.09 0.00 0.09 0.08 0.00 0.02 0.00 0.00 0.02 0.03
25 indole 0.00 0.08 0.00 0.08 0.07 0.00 0.02 0.00 0.00 0.02 0.03
26 quinoline 0.00 0.08 0.00 0.08 0.07 0.00 0.03 0.00 0.00 0.03 0.04
27 biphenyl 0.00 0.19 0.00 0.19 0.17 0.00 0.22 0.00 0.00 0.22 0.29
28 dimethylnaphthalenes 0.00 1.12 0.00 1.12 0.97 0.00 0.73 0.00 0.00 0.73 0.97
29 acenaphthylene 0.00 0.62 0.00 0.62 0.54 0.00 0.38 0.00 0.00 0.38 0.51
Table 7.6 Analysis of coke oven emissions from No.6 battery -
Sample set No.5 tooo
Sample 1 - Graphtrap GB only Sample 2 - Graphpac GC + Graphtrap GB
No. Compound Filter
UR
Graphtrap
U R
Charcoal
... U R
Total pg % of
Total
Filter
U R
Graphtrap Graphtrap Charcoal 
____GC (U R )  GB (U R )_ _ _ _ _ _ U R___
Total pg % o f  
Total
30 acenaphthene 0.00 0.21 0.00 0.21 0.18 0.00 0.17 0.00 0.00 0.17 0.23
31 methylbiphenyls 0.00 0.33 0.00 0.33 0.29 0.00 0.28 0.00 0.00 0.28 0.37
32 dibenzofuran 0.00 0.74 0.00 0.74 0.64 0.00 0.50 0.00 0.00 0.50 0.67
33 trimethylnaphthalenes 0.00 0.49 0.00 0.49 0.43 0.00 0.42 0.00 0.00 0.42 0.56
34 fluorene 0.00 0.50 0.00 0.50 0.44 0.00 0.70 0.00 0.00 0.70 0.93
35 benzindenes (or me-acenaphthylenes) 0.00 0.50 0.00 0.50 0.44 0.00 0.25 0.00 0.00 0.25 0.33
36 methyldibenzofurans 0.00 0.15 0.00 0.15 0.13 0.00 0.08 0.00 0.00 0.08 0.11
37 methylfluorenes o.oo. 0.45 0.00 0.45 0.39 0.00 0.15 0.00 0.00 0.15 0.20
38 dimethyldibenzofurans 0.00 0.57 0.00 0.57 0.50 0.00 0.20 0.00 0.00 0.20 0.27
39 dibenzothiophene 0.00 0.17 0.00 0.17 0.15 0.00 0.12 0.00 0.00 0.12 0.16
40 phenanthrene 0.16 3.13 0.00 3.29 2.86 0.10 1.85 0.00 0.00 1.95 2.60
41 anthracene 0.10 0.69 0.00 0.79 0.69 0.04 0.34 0.00 0.00 0.38 0.51
42 acridine 0.07 0.02 0.00 0.09 0.08 0.04 0.00 0.00 0.00 0.04 0.05
43 phenanthridine 0.03 0.00 0.00 0.03 0.03 0.01 0.00 0.00 0.00 0.01 0.01
44 dimethylfluorenes/trimethyldibenzofurans 0.00 0.02 0.00 0.02 0.02 0.00 0.03 0.00 0.00 0.03 0.04
45 carbazole 0.16 0.04 0.00 0.20 0.17 0.06 0.00 0.00 0.00 0.06 0.08
46 methylphenan/anthracenes 0.10 0.51 0.00 0.61 0.53 0.06 0.28 0.00 0.00 0.34 0.45
47 4H-cyclopenta[def]phenanthrene 0.01 0.29 0.00 0.30 0.26 0.03 0.10 0.00 0.00 0.13 0.17
48 methylcarbazoles 0.03 0.02 0.00 0.05 0.04 0.01 0.00 0.00 0.00 0.01 0.01
49 2-phenylnaphthalene 0.01 0.16 0.00 0.17 0.15 0.01 0.03 0.00 0.00 0.04 0.05
50 MW 193 (methylbenzquinolines) 0.02 0.20 0.00 0.22 0.19 0.02 0.01 0.00 0.00 0.03 0.04
51 dimethylphen/anthracenes 0.10 0.13 0.00 0.23 0.20 0.04 0.03 0.00 0.00 0.07 0.09
52 fluoranthene 0.83 1.03 0.00 1.86 1.62 0.36 0.66 0.00 0.00 1.02 1.36
53 acephenanthrylene 0.02 0.03 0.00 0.05 0.04 0.01 0.00 0.00 0.00 0.01 0.01
54 phenanthro(4,5-bcd)thiophene 0.04 0.08 0.00 0.12 0.10 0.03 0.01 0.00 0.00 0.04 0.05
55 aceanthrylene 0.02 0.03 0.00 0.05 0.04 0.01 0.00 0.00 0.00 0.01 0.01
56 pyrene 0.65 0.61 0.00 1.26 1.10 0.34 0.35 0.00 0.00 0.69 0.92
57 methylphenylnaphthalene 0.03 0.00 0.00 0.03 0.03 0.02 0.00 0.00 0.00 0.02 0.03
58 benzonaphthofurans 0.15 0.00 0.00 0.15 0.13 0.09 0.00 0.00 0.00 0.09 0.12
Table 7.6 (cont.) Analysis of coke oven emissions from No.6 battery -
Sample set No.5 tovo
Sample 1 - Graphtrap GB only Sample 2 - Graphpac GC + Graphtrap GB
No. Compound Filter
US
Graphtrap Charcoal 
its tie
Total jig % o f  
Total
Filter
tig
Graphtrap Graphtrap Charcoal 
____GC (tig) G BO ig)_____ ug___
Total pg % o f
Total
59 azafluoranthene/azapyrene 0.01 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.01
60 4H-benzo(def)carbazole 0.21 0.00 0.00 0.21 0.18 0.15 0.00 0.00 0.00 0.15 0.20
61 benzo(a)fluorene 0.28 0.00 0.00 0.28 0.24 0.10 0.00 0.00 0.00 0.10 0.13
62 benzo(b)fluorene 0.15 0.00 0.00 0.15 0.13 0.09 0.00 0.00 0.00 0.09 0.12
63 methylfluoranthenes 0.12 0.00 0.00 0.12 0.10 0.07 0.00 0.00 0.00 0.07 0.09
64 methylpyrenes 0.10 0.00 0.00 0.10 0.09 0.06 0.00 0.00 0.00 0.06 0.08
65 methylbenzfluorenes/dime-fluor/pyrenes 0.30 0.00 0.00 0.30 0.26 0.40 0.00 0.00 0.00 0.40 0.53
66 benzo(b)naphtho(2,1 -d)thiophene 0.27- 0.00 0.00 0.27 0.24 0.23 0.00 0.00 0.00 0.23 0.31
67 benzo(ghi)fluoranthene 0.11 0.00 0.00 0.11 0.10 0.10 0.00 0.00 0.00 0.10 0.13
68 benzo(c)phenanthrene 0.10 0.00 0.00 0.10 0.09 0.08 0.00 0.00 0.00 0.08 0.11
69 benz(c)acridene 0.12 0.00 0.00 0.12 0.10 0.11 0.00 0.00 1 0.00 0.11 0.15
70 benzo(b)naphtho( 1,2-d)thiophene 0.07 0.00 0.00 0.07 0.06 0.08 0.00 0.00 ' 0.00 0.08 0.11
71 benzo(b)naphtho(2,3-d)thiophene 0.15 0.00 0.00 0.15 0.13 0.16 0.00 0.00 0.00 0.16 0.21
72 cyclopen ta(cd)pyrene 0.02 0.00 0.00 0.02 0.02 0.04 0.00 0.00 0.00 0.04 0.05
73 benz(a) anthracene 0.92 0.00 0.00 0.92 0.80 0.80 0.00 0.00 0.00 0.80 1.07
74 chrysene + triphenylene 1.09 0.00 0.00 1.09 0.95 0.79 0.00 0.00 0.00 0.79 1.05
75 benzocarbazoles 0.41 0.00 0.00 0.41 0.36 0.50 0.00 0.00 0.00 0.50 0.67
76 MW229 naphthoquinolines 0.11 0.00 0.00 0.11 0.10 0.12 0.00 0.00 0.00 0.12 0.16
77 naphthacene 0.06 0.00 0.00 0.06 0.05 0.10 0.00 0.00 0.00 0.10 0.13
78 benzanthrone 0.08 0.00 0.00 0.08 0.07 0.10 0.00 0.00 0.00 0.10 0.13
79 methylchrysenes (etc.) 0.27 0.00 0.00 0.27 0.24 0.53 0.00 0.00 0.00 0.53 0.71
80 4H-cyclopenta(def)chrysene (etc) 0.18 0.00 0.00 0.18 0.16 0.35 0.00 0.00 0.00 0.35 0.47
81 binaphthyls 0.07 0.00 0.00 0.07 0.06 0.13 0.00 0.00 0.00 0.13 0.17
82 benzo(b)fluoranthene 0.73 0.00 0.00 0.73 0.64 0.64 0.00 0.00 0.00 0.64 0.85
83 B(j)F + B(k)F 0.50 0.00 0.00 0.50 0.44 0.39 0.00 0.00 0.00 0.39 0.52
84 benzo(a)fluoranthene 0.09 0.00 0.00 0.09 0.08 0.08 0.00 0.00 0.00 0.08 0.11
85 methylbinaphthyls 0.05 0.00 0.00 0.05 0.04 0.10 0.00 0.00 0.00 0.10 0.13
86 benzo(e)pyrene 0.54 0.00 0.00 0.54 0.47 0.43 0.00 0.00 0.00 0.43 0.57
87 benzo(a)pyrene 0.46 0.00 0.00 0.46 0.40 0.40 0.00 0.00 0.00 0.40 0.53
Table 7.6 (cont.) Analysis of coke oven emissions from No.6 battery -
Sample set No.5 OJo
Sample 1 - Graphtrap GB only Sample 2 - Graphpac GC + Graphtrap GB
No. Compound Filter Graphtrap Charcoal Total pg % of Filter Graphtrap Graphtrap Charcoal Total pg % o f
Llg Lig UR Total Ug GC(ug) GB (Ug) Ug Total
88 perylene 0.15 0.00 0.00 0.15 0.13 0.15 0.00 0.00 0.00 0.15 0.20
89 methylbenzofluoranthenes/benzopyrenes 0.45 0.00 0.00 0.45 0.39 0.50 0.00 0.00 0.00 0.50 0.67
90 indeno(7,l ,2,3-cdef)chrysene 0.18 0.00 0.00 0.18 0.16 0.15 0.00 0.00 0.00 0.15 0.20
91 dibenz(a,j)anthracene 0.14 0.00 0.00 0.14 0.12 0.11 0.00 0.00 0.00 0.11 0.15
92 indeno( 1,2,3-cd)pyrene 0.45 0.00 0.00 0.45 0.39 0.25 0.00 0.00 0.00 0.25 0.33
93 dibenz(a,h)anthracene 0.10 0.00 0.00 0.10 0.09 0.08 0.00 0.00 0.00 0.08 0.11
94 benzo(b)chrysene 0.05 0.00 0.00 0.05 0.04 0.04 0.00 0.00 0.00 0.04 0.05
95 picene 0.05 0.00 0.00 0.05 0.04 0.04 0.00 0.00 0.00 0.04 0.05
96 benzo(ghi)perylene 0.45 0.00 0.00 0.45 0.39 0.29 0.00 0.00 0.00 0.29 0.39
97 anthanthrene 0.09 0.00 0.00 0.09 0.08 0.08 0.00 0.00 0.00 0.08 0.11
98 coronene 0.05 0.00 0.00 0.05 0.04 0.03 0.00 0.00 ! 0.00 0.03 0.04
99 total MW 302 0.45 0.00 0.00 0.45 0.39 0.42 0.00 0.00 0.00 0.42 0.56
Total micrograms 12.7 47.0 55.1 114.9 100.0 10.6 14.4 19.1 30.9 75.0 100.0
Percentage of total 11.1 40.9 48.0 100.0 14.1 19.2 25.5 41.2 100.0
Pump flow rate (L/min) 0.960 1.136
Sampling time (min) 418 260
Volume sampled (L) 401 295
Milligrams ner cubic meter 0.032 0.117 0.137 0.286 0.036 0.049 0.065 0.105 0.254
T able 7.6 (cont.) Analysis o f coke oven em issions from N o .6 battery -
Sample set No.5
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7 .5  Composition of coke oven emissions - Summary
A total of 13 samples was generated at various locations on No .6 battery. Care was taken 
during sampling to avoid localised influences, such as coal charging operations or severe 
fume emission through leaking doors and lids, which may introduce a bias to the results. 
Sampling location and duration were chosen to represent average atmospheric conditions. 
Samples were collected over a 9-month period. The thirteen sets of results, expressed as 
percentages, were averaged and a standard deviation calculated for each component. 
These figures are listed in Table 7.7 and represent the characterisation of that portion of 
coke oven emissions which can be analysed by gas chromatography. Figure 7.4 shows 
capillary gas chromatograms obtained from analysis of the three sampler extracts. The 99 
components o f Table 7.7 are numbered in this figure. An estimate of the gaseous 
components, sampled at N o .6 battery, is given in Table 7.8. Note that the concentration 
of Ci to C3 hydrocarbons in the air is very much greater than higher hydrocarbons. The 
distribution of compounds between filter /  Graphtrap /  charcoal is summarised in Table 
7.7.
The table indicates that the composition o f emissions from N o .6 battery is constant, 
within a standard deviation which is generally less than 10% of the mean. When the 
analyses from N o .6 battery are compared with the data from No.7 battery (Table 4.9), 
agreement between the two sets of data is found {Figure 7.3). The indications from all 
the data (Nos. 6 and 7 batteries) are that the composition of emissions from all batteries is 
relatively constant, although many more results from routine monitoring are required to 
confirm this.
The total mass recovered in all samples was, on average, 283 micrograms. This 
translates to an airborne concentration of approximately 500 fig nr3, or 0.5 mg nr3. BSF 
results from the personal monitoring program at BHP, Port Kembla may range from 0.05 
- 1.0 mg n r3 (usually lower than 0.15 mg n r3) but these figures measure only that 
material which was retained by a filter. Results in Table 7.7 show that the filter retained
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only 5% of the total organic matter sampled. Thus the average BSF determined by 
analysis was only 0.025 mg m-3, a figure which is much lower than those determined 
gravimetrically. This difference must be explained before the analytical result can replace 
the conventional BSF. Work carried out to investigate these differences is described in 
Section 9.
These samples have shown that by characterising the chemical content of coke oven 
emissions, subsequent analysis on a routine basis can be simplified. It will be possible to 
analyse only the major components and, from the analysis, predict the composition of 
minor constituents. This step may be performed automatically by a chromatographic 
integrator with programmable capability.
Figure 7.3 Comparison of emissions from No.6 and No.7 batteries (% composition)
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Another advantage of the consistency of emission composition is that the sampling rate 
can be safely increased to 2 L min-1. To do this will require a reduction in the length of 
the bed of graphitised carbon adsorbent. This reduction in bed size has been shown to 
cause an increase in the loss of some volatile compounds from Graphtrap GB. The 
characterisation has demonstrated that this loss will have minimal impact on the overall 
analysis, only the measurement o f styrene being affected. If styrene is required with 
greater accuracy, (which is unlikely, in view of its low contribution to the total emission 
composition), it can be measured in a separate sampling exercise. Otherwise, the amount 
of styrene may be estimated from the o-xylene content, as the concentration of these two 
compounds in emissions is similar.
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Figure 7.4 Capillary gas chromatograms of coke oven emissions - 
Extracts from (a) filter, (b) Graphtrap GB and (c) charcoal 
For peak identifications, see T a b le  7.7
Sample set 1 Sample set 2 Sample set 3 Sample set 4 Sample set 5
N o.l N o.2 N o .l N o.2 N o .l No.2 No.3 No.4 N o .l N o.2 N o.3 N o .l N o.2
No. Compound % of % of % o f % o f % o f % of % o f % of % o f % o f % o f % o f % o f Mean % Standard
Total Total Total Total Total Total Total Total Total Total Total Total Total o f  Total Deviation
1 C6-C9 aliphatics 3.47 1.71 1.46 3.41 1.80 1.85 1.71 1.76 0.59 0.61 1.10 2.03 1.88 1.80 0.86
2 benzene 37.2 36.4 30.5 27.0 30.2 28.3 28.5 32.7 30.1 24.4 29.7 46.4 47.5 33.0 7.09
3 toluene 8.52 6.84 10.82 9.03 9.17 9.07 8.94 8.55 8.81 7.57 10.74 6.89 6.66 8.59 1.33
4 ethylbenzene 0.99 0.11 0.54 0.94 0.44 0.48 0.43 0.35 0.33 0.35 0.44 0.43 0.53 0.49 0.24
5 p-xylene, m-xylene 6.23 5.80 4.32 7.46 5.72 5.87 5.55 5.07 3.04 3.39 4.34 2.79 2.95 4.81 1.46
6 styrene 1.18 1.46 0.14 0.09 1.61 1.74 1.56 1.37 0.55 0.88 0.73 0.44 0.32 0.93 0.59
7 o-xylene 1.30 1.64 1.04 2.07 1.23 1.29 1.13 1.08 0.57 0.66 0.89 0.95 1.13 1.15 0.39
8 n-propylbenzene 0.51 0.39 0.22 0.31 0.54 0.48 0.46 0.43 0.30 0.32 0.52 0.50 0.47 0.42 0.10
9 mesitylene 0.63 0.57 0.22 0.31 0.53 0.64 0.60 0.57 0.34 0.43 0.61 0.46 0.55 0.50 0.13
10 benzonitrile 0.26 0.31 0.34 0.35 0.25 0.34 0.31 0.35 0.27 0.31 0.04
11 pseudocumene 0.79 0.57 0.31 0.58 0.51 0.55 0.55 0.50 0.34 0.47 0.64 0.73 6.84 0.57 0.16
12 phenol 2.33 1.60 0.36 0.81 2.73 2.91 2.76 2.64 1.14 1.52 1.62 0.57 0.85 1.68 0.91
13 benzofuran 0.51 0.36 0.22 0.18 0.29 0.30 0.34 0.35 0.21 0.17 0.39 0.04 0.40 0.29 0.12
14 indan 0.18 0.11 0.11 0.04 0.07 0.08 0.14 0.12 0.19 0.23 0.24 0.17 0.15 0.14 0.06
15 indene 3.87 3.92 1.57 1.48 3.58 3.63 3.61 3.46 2.85 3.29 3.34 1.31 0.91 2.83 1.09
16 cresols 0.32 0.53 0.50 0.45 0.83 0.96 0.80 0.74 0.31 0.43 0.35 0.12 0.07 0.49 0.28
17 xylenols 0.20 0.36 0.34 0.22 0.33 0.33 0.29 0.23 0.13 0.13 0.18 0.04 0.05 0.22 0.11
18 methylindenes 0.08 0.18 0.22 0.18 0.24 0.25 0.23 0.21 0.15 0.13 0.22 0.04 0.04 0.17 0.07
19 naphthalene 16.2 18.3 13.8 16.4 16.7 16.8 17.5 16.9 22.9 26.5 19.4 11.4 8.18 17.0 .4.60.
20 benzo (b)thiophene 0.08 0.28 0.28 0.22 0.25 0.28 0.23 0.22 0.30 0.28 0.27 0.19 0.09 0.23 0.07
21 other alkylated benzenes 0.79 1.07 1.12 0.90 0.75 0.77 0.84 0.78 0.36 0.56 0.40 0.61 0.27 0.71 0.26
22 2-methylnaphthalene 1.46 1.75 1.88 2.11 1.65 1.60 1.71 1.60 2.02 2.25 1.99 0.66 0.88 1.66 0.46
23 1 -methylnaphthalene 0.71 0.89 0.73 0.81 0.89 0.87 0.93 0.89 0.70 0.82 0.81 0.24 0.35 0.74 0.21
24 methylbenzothiophenes 0.17 0.13 0.11 0.12 0.08 0.04 0.01 0.01 0.01 0.08 0.03 0.07 0.06
25 indole 0.06 0.04 0.05 0.07 0.07 0.06 0.02 0.02 0.03 0.07 0.03 0.05 0.02
26 quinoline 0.07 0.04 0.05 0.02
27 biphenyl 0.22 0.25 0.42 0.45 0.36 0.36 0.37 0.34 0.46 0.52 0.41 0.17 0.29 0.36 0.10
Table 7.7 Summary of analysis of coke oven emissions from No.6 battery
Sample set 1 Sample set 2 Sample set 3 Sample set 4 Sample set 5
N o .l N o.2 N o.l N o.2 N o .l N o.2 N o.3 N o.4 N o .l N o.2 N o.3 N o .l N o.2
No. Compound % of % of % of % o f % of % of % of % of % o f % o f % of % o f % o f Mean % Standard
Total Total Total Total Total Total Total Total Total Total Total Total Total o f  Total Deviation
28 dimethylnaphthalenes 0.99 1.42 1.63 1.44 1.64 1.81 1.83 1.36 0.93 0.97 1.84 0.97 0.97 1.37 0.36
29 acenaphthylene 1.07 1.42 2.30 2.16 1.37 1.24 1.32 1.28 1.78 1.94 1.28 0.54 0.51 1.40 0.54
30 acenaphthene 0.12 0.18 0.28 0.27 0.27 0.24 0.23 0.21 0.44 0.52 0.38 0.18 0.23 0.27 0.11
31 methylbiphenyls 0.12 0.25 0.28 0.27 0.28 0.27 0.25 0.23 0.35 0.39 0.50 0.29 0.37 0.30 0.09
32 dibenzofuran 0.79 1.35 1.79 2.02 1.27 1.23 1.25 1.26 1.73 1.91 1.34 0.64 0.67 1.33 0.45
33 trimethylnaphthalenes 0.08 0.18 0.26 0.25 0.25 0.23 0.17 0.12 0.28 0.43 0.56 0.26 0.14
34 fluorene 0.57 .1.09 1.97 1.81 0.78 0.77 0.68 0.78 1.09 1.17 0.74 0.44 0.93 0.99 0.45
35 benzindenes (or me-acenaphthylenes) 0.04 0.11 0.17 0.13 0.28 0.29 0.32 0.29 0.33 0.42 0.44 0.44 0.33 0.28 0.13
36 methyl dibenzofurans 0.13 0.11 0.12 0.02
37 methylfluorenes 0.39 0.25 1.29 0.85 0.67 0.81 0.84 0.78 0.77 1.01 0.42 0.39 0.20 0.67 0.32
38 dimethyldibenzofurans 0.50 0.27 0.38 0.16
39 dibenzothiophene 0.12 0.11 0.22 0.18 0.18 0.19 0.20 0.19 0.36 0.24 0.28 0.15 0.16 0.20 0.07
40 phenanthrene 1.77 2.95 5.43 4.62 2.58 2.87 2.68 2.74 4.22 4,77 3.68 2.86 2.60 3.37 1.08
41 anthracene 0.80 0.54 1.42 1.14 0.69 0.81 0.66 0.71 0.94 1.05 0.99 0.69 0.51 0.84 0.26
42 acridine 0.01 0.01 0.11 0.06 0.12 0.08 0.08 0.07 0.05 0.07 0.05 0.08 0.05 0.06 0.03
43 phenanthridine 0.36 0.33 0.10 0.11 0.10 0.11 0.04 0.06 0.08 0.03 0.01 0.12 0.12
44 dimethylfluorenes/trimethyldibenzofurans 0.02 0.04 0.03 0.02
45 carbazole 0.03 0.15 0.36 0.18 0.13 0.14 0.09 0.11 0.17 0.14 0.11 0.17 0.08 0.16 0.09
46 methylphenan/anthracenes 0.10 0.45 0.72 0.71 0.48 0.50 0.56 0.57 0.63 0.72 0.70 0.53 0.45 0.55 .0 .17
47 4H-cyclopenta[def]phenanthrene 0.03 0.11 0.18 0.23 0.10 0.12 0.11 0.11 0.16 0.15 0.12 0.26 0.17 0.14 0.06
48 methylcarbazoles 0.01 0.04 0.07 0.05 0.02 0.02 0.02 0.01 0.01 0.01 0.02 0.04 0.01 0.03 0.02
49 2-phenylnaphthalene 0.07 0.18 0.21 0.17 0.02 0.03 0.03 0.02 0.01 0.01 0.01 0.15 0.05 0.07 0.07
50 methylbenzquinolines 0.19 0.04 0.12 0.11
51 dimethylphen/anthracenes 0.06 0.07 0.06 0.05 0.04 0.10 0.11 0.11 0.25 0.10 0.09 0.20 0.09 0.10 0.06
52 fluoranthene 0.97 0.78 2.84 2.48 1.10 1.24 1.20 1.27 1.81 1.54 1.45 1.62 1.36 1.51 0.58
53 acephenanthrylene 0.06 0.05 0.07 0.06 0.05 0.06 0.06 0.06 0.06 0.06 0.07 0.04 0.01 0.06 0.01
54 phenanthro(4,5-bcd)thiophene 0.06 0.05 0.06 0.05 0.06 0.07 0.07 0.07 0.09 0.08 0.11 0.10 0.05 0.07 0.02
Table 7.7 (cont.) Summary of analysis of coke oven emissions from No.6 battery
Sample set 1 Sample set 2 Sample set 3 Sample set 4 Sample set 5
N o.l N o.2 N o .l N o.2 N o .l No.2 No.3 N o.4 N o .l N o.2 N o.3 N o .l N o.2
N o. Compound % of % o f % o f % of % of % of % of % o f % o f % o f % o f % of % o f Mean % Standard
Total Total Total Total Total Total Total Total Total Total Total Total Total o f Total Deviation
55 aceanthrylene 0.06 0.05 0.03 0.03 0.05 0.06 0.10 0.07 0.05 0.05 0.06 0.04 0.01 0.05 0.02
56 pyrene 0.79 0.66 1.95 1.68 0.73 0.82 0.89 0.84 1.31 0.93 1.04 1.10 0.92 1.05 0.38
57 methylphenylnaphthalene 0.03 0.03 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.03 0.03 0.02 0.00
58 benzonaphthofurans 0.02 0.05 0.03 0.13 0.12 0.07 0.05
59 azafluoranthene/azapyrene 0.01 0.01 0.01 0.00
60 4H-benzo(def)carbazole 0.01 0.01 0.08 0.07 0.06 0.06 0.05 0.05 0.04 0.03 0.03 0.18 0.20 0.07 0.06
61 benzo(a)fluorene 0.09 0.08 0.08 0.09 0.07 0.07 0.06 0.05 0.08 0.07 0.08 0.24 0.13 0.09 0.05
62 benzo(b)fluorene 0.06 0.06 0.08 0.09 0.04 0.03 0.03 0.03 0.04 0.03 0.04 0.13 0.12 0.06 0.04
63 methylfluoranthenes 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.05 0.04 0.03 0.10 0.09 0.03 0.03
64 methylpyrenes 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.05 0.04 0.04 0.09 0.08 0.03 0.03
65 methylbenzfluorenes/dime-fluoranth/pyrenes 0.01 0.01 0.03 0.03 0.02 0.02 0.02 0.02 0.15 0.09 0.05 0.26 ¡0.53 0.10 0.15
66 benzo(b)naphtho(2,1 -d)thiophene 0.08 0.07 0.17 0.13 0.09 0.10 0.12 0.10 0.19 0.15 0.08 0.24 0.31 0.14 0.07
67 benzo(ghi)fluoranthene 0.04 0.04 0.08 0.07 0.05 0.05 0.06 0.05 0.09 0.06 0.03 0.10 0.13 0.06 0.03
68 benzo(c)phenanthrene 0.04 0.04 0.06 0.07 0.04 0.04 0.05 0.04 0.08 0.05 0.03 0.09 0.11 0.06 0.02
69 benz(c)acridene 0.08 0.05 0.03 0.10 0.15 0.08 0.05
70 benzo(b)naphtho( 1,2-d)thiophene 0.02 0.02 0.08 0.07 0.06 0.06 0.06 0.05 0.06 0.06 0.02 0.06 0.11 0.06 0.03
71 benzo(b)naphtho(2,3-d) thiophene 0.04 0.04 0.06 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.02 0.13 0.21 0.06 0.05
72 cyclopenta(cd)pyrene 0.02 0.01 0.07 0.07 0.02 0.02 0.03 0.02 0.03 0.02 0.03 0.02 0.05 0.03 0.02
73 benz(a)anthracene 0.37 0.21 0.45 0.32 0.36 0.36 0.38 0.31 0.54 0.54 0.31 0.80 1.07 0.46 0.23
74 chrysene + triphenylene 0.42 0.28 0.40 0.29 0.39 0.39 0.41 0.31 0.58 0.65 0.32 0.95 1.05 0.50 0.25
75 benzocarbazoles 0.04 0.02 0.06 0.04 0.11 0.12 0.13 0.12 0.12 0.15 0.12 0.36 0.67 0.16 0.17
76 naphthoquinolines 0.10 0.16 0.13 0.05
77 naphthacene 0.05 0.13 0.09 0.06
78 benzan throne 0.07 0.13 0.10 0.05
79 methylchrysenes (etc.) 0.02 0.02 0.06 0.04 0.04 0.04 0.04 0.04 0.20 0.18 0.13 0.24 0.71 0.13 0.19
80 4H-cyclopenta(def)chrysene (etc) 0.20 0.18 0.06 0.04 0.04 0.04 0.04 0.04 0.21 0.11 0.06 0.16 0.47 0.13 0.12
81 binaphthyls 0.06 0.17 0.12 0.08
Table 7.7 (cont.) Summary of analysis of coke oven emissions from No.6 battery
Sample set 1 Sample set 2 Sample set 3 Sample set 4 Sample set 5
N o .l N o.2 N o .l N o.2 N o .l No.2 N o .3 N o.4 N o .l N o.2 N o.3 N o .l N o.2
N o. Compound % o f % of % o f % o f % of % of % of % of % of % o f % o f % o f % o f Mean % Standard
Total Total Total Total Total Total Total Total Total Total Total Total Total o f  Total Deviation
82 benzo(b)fluoranthene 0.32 0.25 0.48 0.25 0.40 0.39 0.38 0.35 0.41 0.46 0.28 0.64 0.85 0.42 0.17
83 B(j)F + B(k)F 0.16 0.14 0.35 0.18 0.29 0.30 0.31 0.22 0.37 0.40 0.22 0.44 0.52 0.30 0.11
84 benzo(a)fluoranthene 0.04 0.04 0.14 0.09 0.06 0.06 0.09 0.10 0.08 0.08 0.06 0.08 0.11 0.08 0.03
85 methylbinaphthyls 0.04 0.13 0.09 0.06
86 benzo(e)pyrene 0.24 0.14 0.39 0.21 0.28 0.30 0.27 0.21 0.34 0.35 0.25 0.47 0.57 0.31 0.12
87 benzo(a)pyrene 0.20 0.15 0.56 0.31 0.31 0.32 0.32 0.24 0.37 0.36 0.30 0.40 0.53 0.34 0.12
88 perylene 0.06 0.04 0.11 0.07 0.08 0.09 0.09 0.08 0.07 0.07 0.07 0.13 0.20 0.09 0.04
89 methylbenzofluoranthenes/benzopyrenes 0.39 0.67 0.53 0.19
90 indeno(7,1,2,3-cdef)chrysene 0.04 0.02 0.06 0.04 0.04 0.05 0.04 0.03 0.03 0.04 0.04 0.16 0.20 0.06 0.05
91 dibenz(aj)anthracene 0.04 0.02 0.06 0.04 0.04 0.05 0.04 0.03 0.05 0.05 0.07 0.12 0.15 0.06 0.04
92 indeno( 1,2,3-cd)pyrene 0.20 0.21 0.22 0.18 0.24 0.26 0.22 0.15 0.25 0.24 0.28 0.39 ,0.33 0.24 0.06
93 dibenz(a,h)anthracene 0.04 0.04 0.06 0.04 0.05 0.05 0.05 0.04 0.09 0.10 0.10 0.09 0.11 0.07 0.03
94 benzo(b)chrysene 0.01 0.02 0.03 0.01 0.03 0.03 0.04 0.03 0.04 0.03 0.06 0.04 0.05 0.03 0.01
95 picene 0.01 0.01 0.03 0.01 0.03 0.03 0.04 0.03 0.04 0.04 0.07 0.04 0.05 0.03 0.02
96 benzo(ghi)perylene 0.16 0.21 0.22 0.18 0.21 0.20 0.19 0.16 0.20 0.24 0.32 0.39 0.39 0.24 0.08
97 anthanthrene 0.06 0.04 0.07 0.05 0.07 0.06 0.06 0.04 0.05 0.05 0.09 0.08 0.11 0.06 0.02
98 coronene 0.04 0.04 0.03 0.02 0.02 0.02 0.01 0.02 0.02 0.04 0.04 0.04 0.04 0.03 0.01
99 total MW 302 0.21 0.28 0.45 0.39 0.56 0.38 0.14
Total loading (jig) 253 407 169 212 268 259 238 257 548 522 356 115 75
% of Total on Filter 3.6 2.1 5.6 4.1 4.4 4.5 4.5 3.7 5.9 5.8 4.6 11.0 14.1
% of Total in Graphtrap GB 67.1 77.6 53.4 59.5 56.1 60.3 60.9 61.7 60.2 67.9 63.6 41.0 44.7
% of Total in Charcoal 29.3 20.3 41.0 36.4 39.5 35.2 34.6 34.6 33.9 26.4 31.8 48.0 41.2
Table 7.7 (cont.) Summary of analysis of coke oven emissions from No.6 battery
Table 7.8 Analysis of the air above the coke oven battery
Sample A: Sample taken down wind of charging operations 
Sample B: Sample taken away from obvious emissions
Sample A Sample B
% v/v % v/v
Hydrogen 0.01 0.01
Oxygen 20.95 20.95
Argon 0.95 0.95
Nitrogen 78.0 78.0
Carbon dioxide 0.05 0.05
Carbon monoxide N .D . N .D .
N.D. - not detected (limit of detection - 0.0005%)
Sample A Sample B
ppm mg nr3 ppm m gn r3
Methane 14 10 4 2.8
Acetylene 1 1.2 <1 < 1.2
Ethylene 1 1.25 <1 <1.25
Ethane <1 <1.3 <1 <1.3
Propylene <1 <2 <1 <2
Propane <1 <2 <1 <2
Components reported as <1 ppm were detected but at too low a 
concentration to be measured.
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8 . Coke oven emissions - Sampling at 2 L min-!
8 .1  Sampling
Three samples of emissions from N o .6 battery were collected using a nominal flowrate of 
2 L min-1. The sampling apparatus was similar to the one used previously (Figure 7.2) 
except that the 25 mm Graphtrap section was replaced with one 10 mm long. This 
reduction was designed to reduce the back pressure and facilitate the higher sampling 
flowrate. The samples were collected with the apparatus positioned on the western 
platform (Figure 7.7), in two sampling sessions. In one case the wind was blowing from 
the west, toward the samplers while in the other an E-SE wind tended to blow away from 
the samplers. The battery operating conditions were such that emissions were slight on 
both days. Small but measurable masses of emission compounds were collected by the 
three samplers. A summary of these samples is given in Table 8.1.
Although the pumps continued to function for the duration of the sampling period, in each 
case the flowrate dropped from the initial setting. The actual flow-rates as measured 
before and after sampling are shown below.
Initial flowrate Final flowrate
L min-1 L min-1
Sample 1 1.966 1.340
Sample 2a 1.930 1.550
Sample 2b 1.850 1.720
8 .2  Test result inconsistencies
Because of the flowrate variation, it was not possible to compare results as micrograms 
per cubic meter. Thus, the apparent difference in total mass collected in samples 2a and 
2b (Table 8.1), which should have been duplicates, could not be normalised for 
verification of real differences. However, gross discrepancies between the percentage
Sam ple 1 Sam ple 2a* Sam ple 2b
No. C om pound Filter
lie
Graphtrap Charcoal 
Lie u e
T otal pg % o f
T otal
Filter
ue
G raphtrap Charcoal 
ue ue
T otal p g % o f
Total
F ilter
ue
Graphtrap C harcoa
____ue______ ue__
T otal pg % o f
Total
1 C6-C9 aliphatics 0.00 0.80 2.20 3.00 0.62 0.00 9.53 1.08 10.61 3.04 0.00 1.40 3.11 4.51 1.57
2 benzene 0.00 3.60 116.7 120.3 24.8 0.00 10.00 173.5 183.5 52.6 0.00 7.50 144.2 151.7 52.7
3 toluene 0.00 0.24 50.8 51.0 10.5 0.00 2.43 18.6 21.0 6.02 0.00 2.40 35.0 37.4 13.0
4 ethylbenzene 0.00 0.23 1.16 1.39 0.29 0.00 1.06 0.49 1.55 0.44 0.00 1.17 1.15 2.32 0.81
5 p-xylene, m-xylene 0.00 5.49 10.1 15.6- 3.21 0.00 8.74 1.33 10.1 2.89 0.00 9.33 4.32 13.7 4.74
6 styrene 0.00 0.60 1.00 1.60 0.33 0.00 0.65 0.05 0.70 0.20 0.00 0.73 0.20 0.93 0.32
7 o-xylene 0.00 1.00 2.06 3.06 0.63 0.00 1.40 0.15 1.55 0.44 0.00 0.85 0.56 1.41 0.49
8 n-propylbenzene 0.00 1.38 0.07 1.45 0.30 0.00 1.08 0.00 1.08 0.31 0.00 1.40 0.29 1.69 0.59
9 mesitylene 0.00 2.63 • 0.09 2.72 0.56 0.00 1.34 0.00 1.34 0.38 0.00 1.50 0.29 1.79 0.62
10 benzonitrile 0.00 2.50 0.00 2.50 0.52 0.00 0.40 0.00 0.40 0.11 0.00 0.40 0.00 0.40 0.14
11 pseudocumene 0.00 2.27 0.00 2.27 0.47 0.00 1.50 0.00 1.50 0.43 0.00 2.45 0.00 2.45 0.85
12 phenol 0.00 6.49 0.00 6.49 1.34 0.00 2.00 0.00 2.00 0.57 0.00 4.06 0.00 4.06 1.41
13 benzofuran 0.00 1.20 0.00 1.20 0.25 0.00 1.10 0.00 1.10 0.32 0.00 1.00 0.00 1.00 0.35
14 in dan 0.00 0.43 0.00 0.43 0.09 0.00 0.50 0.00 0.50 0.14 0.00 0.65 0.00 0.65 0.23
15 indene 0.00 48.8 0.00 48.8 10.1 0.00 6.39 0.00 6.39 1.83 .0 .0 0 5.71 0.00 5.71 1.98
16 cresols 0.00 3.00 0.00 3.00 0.62 0.00 0.40 0.00 0.40 0.11 0.00 0.40 0.00 0.40 0.14
17 xylenols 0.00 0.05 0.00 0.05 0.01 0.00 0.10 0.00 0.10 0.03 0.00 0.10 0.00 0.10 0.03
18 methylindenes 0.00 2.50 0.00 2.50 0.52 0.00 0.20 0.00 0.20 0.06 0.00 0.20 0.00 0.20 0.07
19 naphthalene 0.00 134.2 0.00 134.2 27.7 0.00 56.1 0.00 56.1 16.1 0.00 29.3 0.00 29.3 10.2
20 benzo(b)thiophene 0.00 3.51 0.00 3.51 0.72 0.00 1.02 0.00 1.02 0.29 0.00 0.59 0.00 0.59 0.20
21 other alkylated benzenes 0.00 1.50 0.00 1.50 0.31 0.00 0.20 0.00 0.20 0.06 0.00 0.20 0.00 0.20 0.07
22 2-methylnaphthalene 0.00 6.46 0.00 6.46 1.33 0.00 3.86 0.00 3.86 1.11 0.00 1.49 0.00 1.49 0.52
23 1 -methylnaphthalene 0.00 2.72 0.00 2.72 0.56 0.00 1.35 0.00 1.35 0.39 0.00 1.01 0.00 1.01 0.35
24 methylbenzothiophenes 0.00 0.32 0.00 0.32 0.07 0.00 0.21 0.00 0.21 0.06 0.00 0.21 0.00 0.21 0.07
25 indole 0.00 0.21 0.00 0.21 0.04 0.00 0.26 0.00 >0.26 0.07 0.00 0.22 0.00 0.22 0.08
26 quinoline 0.00 0.10 0.00 0.10 0.02 0.00 0.10 0.00 0.10 0.03 0.00 1.10 0.00 1.10 0.38
27 biphenyl 0.00 1.11 0.00 1.11 0.23 0.00 1.04 0.00 1.04 0.30 0.00 0.43 0.00 0.43 0.15
28 dimethylnaphthalenes 0.00 6.17 0.00 6.17 1.27 0.00 3.38 0.00 3.38 0.97 0.00 2.16 0.00 2.16 0.75
29 acenaphthylene 0.00 3.23 0.00 3.23 0.67 0.00 2.10 0.00 2.10 0.60 0.00 0.82 0.00 0.82 0.28
Table 8.1 Analysis of coke oven emissions from No.6 battery -
Sampled at 2 L min'1
Sam ple 1 Sam ple 2a • Sam ple 2b
No. C om pound Filter
a e
G raphtrap Charcoal
as ae
Total ag % o f
Total
Filter
ae
Graphtrap Charcoal
ae ae__
T otal a g % o f
Total
F ilter
ae
Graphtrap C harcoal
____ ae_______a g ___
T ota l a g % o f
Total
30 acenaphthene 0.00 0.95 0.00 0.95 0.20 0.00 0.84 0.00 0 .84 0.24 0.00 0.32 0.00 0.32 0.11
31 m ethylbiphenyls 0.00 0.92 0.00 0.92 0.19 0.00 0.63 0.00 0.63 0.18 0.00 0.27 0.00 0.27 0.09
32 dibenzofuran 0.00 3.38 0.00 3.38 0.70 0.00 3.22 0.00 3.22 0.92 0.00 1.55 0.00 1.55 0.54
33 trimethylnaphthalenes 0.00 1.78 0.00 1.78 0.37 0.00 1.65 0.00 1.65 0.47 0.00 0.78 0.00 0.78 0.27
34 fluorene 0.00 2.17 0.00 2.17 .. 0.45 0.00 1.64 0.00 1.64 0.47 0.00 0.91 0.00 0.91 0.32
35 benzindenes (or m e-acenaphthylenes) 0.00 1.35 0.00 1.35 0.28 0.00 0.62 0.00 0.62 0.18 0.00 0.24 0.00 0.24 0.08
36 m ethyldibenzofurans 0.00 0.84 0.00 0.84 0.17 0.00 0.47 0.00 0.47 0.13 0.00 0.25 0.00 0.25 0.09
37 m ethylfluorenes 0.00 1.44 0.00 1.44 0.30 0.00 0.83 0.00 0.83 0.24 0.00 0.43 0.00 0.43 0.15
38 dim ethyldibenzofurans 0.00 1.33 • 0.00 1.33 0.27 0.00 0.36 0.00 0.36 0.10 0.00 0.18 0.00 0.18 0.06
39 dibenzothiophene 0.00 0.69 0.00 0.69 0.14 0.00 0.39 0.00 0.39 0.11 0.00 0.18 0.00 0.18 0.06
40 phenanthrene 0.13 10.1 0.00 10.2 2.11 0.08 7.78 0.00 7.86 2.25 0.18 3.53 0.00 3.71 1.29
41 anthracene 0.07 2.58 0.00 2.65 0.55 0.05 1.48 0.00 1.53 0.44 0.08 0.75 0.00 0.83 0.29
42 acridine 0.08 0.21 0.00 0.29 0.06 0.03 0.08 0.00 0.11 0.03 0.02 ! 0.03 0.00 0.05 0.02
43 phenanthridine 0.08 0.40 0.00 0.48 0.10 0.01 0.04 0.00 0.05 0.01 0.01 0.02 0.00 0.03 0.01
44 dim ethylfluorenes/trim ethyldibenzofurans 0.04 0.31 0.00 0.35 0.07 0.02 0.15 0.00 0.17 0.05 0.02 0.08 0.00 0.10 0.03
45 carbazole 0.13 0.25 0.00 0.38 0.08 0,03 0.16 0.00 0.19 0.05 0.04 0.08 0.00 0.12 0.04
46 m ethylphenan/anthracenes 0.13 1.98 0,00 2.11 0.43 0.05 0.89 0.00 0.94 0.27 0.05 0.25 0.00 0.30 0.10
47 4H-cyclopenta[def]phenanthrene 0.03 0.42 0.00 0.45 0.09 0.01 0.20 0.00 0.21 0.06 0.01 0.10 0.00 0.11 0.04
48 methylcarbazoles 0.04 0.00 0.00 0.04 0.01 0.01 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.01 0.00
49 2-phenylnaphthalene 0.05 0.42 0.00 0.47 0.10 0.05 0.42 0.00 0.47 0.13 0.05 0.18 0.00 0.23 0.08
50 m ethylbenzquinolines 0.06 0.20 0.00 0.26 0.05 0.02 0.20 0.00 0.22 0.06 0.02 0.07 0.00 0.09 0.03
51 dim ethylphen/anthracenes 0.11 0.50 0.00 0.61 0.13 0.03 0.38 0.00 0.41 0.12 0.03 0.20 0.00 0.23 0.08
52 fluoranthene 0.78 4.27 0.00 5.05 1.04 0.22 3.06 0.00 3.28 0.94 0.24 1.58 0.00 1.82 0.63
53 acephenanthrylene 0.04 0.12 0.00 0.16 0.03 0.01 0.08 0.00 0.09 0.03 0.01 0.03 0.00 0.04 0.01
54 phenanthro(4,5-bcd)thiophene 0.05 0.25 0.00 0.30 0.06 0.02 0.17 0.00 0.19 0.05 0.02 0.07 0.00 0.09 0.03
55 aceanthrylene 0.03 0.10 0.00 0.13 0.03 0.01 0.06 0.00 0.07 0.02 0.01 0.03 0.00 0.04 0.01
56 pyrene 0.76 3.20 0.00 3.96 0.82 0.20 2.02 0.00 2.22 0.64 0.20 1.15 0.00 1.35 0.47
57 methylphenylnaphthalene 0.08 0.05 0.00 0.13 0.03 0.01 0.06 0.00 0.07 0.02 0.01 0.02 0.00 0.03 0.01
58 benzonaph th ofurans 0.16 0.00 0.00 0.16 0.03 0.05 0.00 0.00 0.05 0.01 0.05 0.00 0.00 0.05 0.02
Table 8.1 (cont.) Analysis of coke oven emissions from No.6 battery -
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59 azafluoranthene/azapyrene 0.04 0.00 0.00 0.04 0.01 0.04 0.00 0.00 0.04 0.01 0.04 0.00 0.00 0.04 0.01
60 4H -benzo(def)carbazole 0.14 0.00 0.00 0.14 0.03 0.03 0.00 0.00 0.03 0.01 0.03 0.00 0.00 0.03 0.01
61 benzo(a)fluorene 0.39 0.00 0.00 0.39 0.08 0.12 0.00 0.00 0.12 0.03 0.10 0.00 0.00 0.10 0.03
62 benzo(b)fluorene 0.31 0.00 0.00 0.31 0.06 0.04 0.00 0.00 0.04 0.01 0.04 0.00 0.00 0.04 0.01
63 methylfluoranthenes 0.18 0.00 0.00 0.18 0.04 0.05 0.00 0.00 0.05 0.01 0.05 0.00 0.00 0.05 0.02
64 m ethylpyrenes 0.18 0.00 0.00 0.18 0.04 0.05 0.00 0.00 0.05 0.01 0.05 0.00 0.00 0.05 0.02
65 m ethylbenzfluorenes/dim e-fluor/pyrenes 0.29 0.00 0.00 0.29 0.06 0.08 0.00 0.00 0.08 0.02 0.08 0.00 0.00 0.08 0.03
66 benzo(b)naph tho(2,1 -d)thiophene 0.39 0.00 0.00 0.39 0.08 0.11 0.00 0.00 0.11 0.03 0.11 0.00 0.00 0.11 0.04
67 benzo(ghi)fluoranthene 0.10 0.00 . 0.00 0.10 0.02 0.04 0.00 0.00 0.04 0.01 0.04 0.00 0.00 0.04 0.01
68 benzo(c)phenanthrene 0.10 0.00 0.00 0.10 0.02 0.04 0.00 0.00 0.04 0.01 0.04 0.00 0.00 0.04 0.01
69 benz(c)acridene 0.18 0.00 0.00 0.18 0.04 0.06 0.00 0.00 0.06 0.02 0.06 0.00 0.00 0.06 0.02
70 benzo(b)naph tho(l ,2-d)thiophene 0.08 0.00 0.00 0.08 0.02 0.04 0.00 0.00 0.04 0.01 0.04 0.00 0.00 0.04 0.01
71 benzo(b)naphtho(2,3-d)thiophenc 0.06 0.00 0.00 0.06 0.01 0.03 0.00 0.00 0.03 0.01 0.03; 0.00 0.00 0.03 0.01
72 cyclopenta(cd)pyrene 0.08 0.00 0.00 0.08 0.02 0.01 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.01 0.00
73 benz(a)anthracene 1.44 0.00 0.00 1.44 0.30 0.54 0.00 0.00 0.54 0.15 0.51 0.00 0.00 0.51 0.18
74 chrysene + triphenylene 1.68 0.00 0.00 1.68 0.35 0.74 0.00 0.00 0.74 0.21 0.64 0.00 0.00 0.64 0.22
75 benzocarbazoles 0.38 0.00 0.00 0.38 0.08 0.11 0.00 0.00 0.11 0.03 0.11 0.00 0.00 0.11 0.04
76 naphihoquinolines 0.12 0.00 0.00 0.12 0.02 0.03 0.00 0.00 0.03 0.01 0.03 0.00 0.00 0.03 0.01
77 naphthacene 0.05 0.00 0.00 0.05 0.01 0.01 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.01 0.00
78 benzan throne 0.10 0.00 0.00 0.10 0.02 0.08 0.00 0.00 0.08 0.02 0.08 0.00 0.00 0.08 0.03
79 m ethylchrysenes (etc.) 0.26 0.00 0.00 0.26 0.05 0.08 0.00 0.00 0.08 0.02 0.08 0.00 0.00 0.08 0.03
80 4H-cyclopenta(def)chrysene (etc) 0.25 0.00 0.00 0.25 0.05 0.06 0.00 0.00 0.06 0.02 0.06 0.00 0.00 0.06 0.02
81 binaphthyls 0.15 0.00 0.00 0.15 0.03 0.07 0.00 0.00 0.07 0.02 0.07 0.00 0.00 0.07 0.02
82 benzo(b)fluoranthene 1.25 0.00 0.00 1.25 0.26 0.66 0.00 0.00 0.66 0.19 0.66 0.00 0.00 0.66 0.23
83 B (j)F  + B(k)F 1.20 0.00 0.00 1.20 0.25 0.37 0.00 0.00 0.37 0.11 0.39 0.00 0.00 0.39 0.14
84 benzo(a)fluoranthene 0.22 0.00 0.00 0.22 0.05 0.08 0.00 0.00 0.08 0.02 0.08 0.00 0.00 0.08 0.03
85 m ethylbinaphthyls 0.13 0.00 0.00 0.13 0.03 0.14 0.00 0.00 0.14 0.04 0.14 0.00 0.00 0.14 0.05
Table 8.1 (cont.) Analysis of coke oven emissions from No.6 battery -
Sampled at 2 L min-1
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86 benzo(e)pyrene 0.93 0.00 0.00 0.93 0.19 0.60 0.00 0.00 0.60 0.17 0.46 0.00 0.00 0.46 0.16
87 benzo(a)pyrene 0.97 0.00 0.00 0.97 0.20 0.48 0.00 0.00 0.48 0.14 0.38 0.00 0.00 0.38 0.13
88 perylene 0.27 0.00 0.00 0.27 0.06 0.08 0.00 0.00 0.08 0.02 0.08 0.00 0.00 0.08 0.03
89 m ethylbenzfluoranthenes /  -benzpyrenes 0.46 0.00 0.00 0.46 0.09 0.14 0.00 0.00 0.14 0.04 0.14 0.00 0.00 0.14 0.05
90 indeno(7,1,2,3-cdef)chrysene 0.10 0.00 0.00 0.10 0.02 0.03 0.00 0.00 0.03 0.01 0.03 0.00 0.00 0.03 0.01
91 dibenz(aj)an thracene 0.10 0.00 0.00 0.10 ' 0.02 0.03 0.00 0.00 0.03 0.01 0.03 0.00 0.00 0.03 0.01
92 indeno(l,2 ,3-cd)pyrene 0.76 0.00 0.00 0.76 0.16 0.27 0.00 0.00 0.27 0.08 0.32 0.00 0.00 0.32 0.11
93 dibenz(a,h)anthracene 0.11 0.00 0.00 0.11 0.02 0.09 0.00 0.00 0.09 0.03 0.08 0.00 0.00 0.08 0.03
94 benzo(b)chry sene 0.09 0.00 0.00 0.09 0.02 0.03 0.00 0.00 0.03 0.01 0.03 0.00 0.00 0.03 0.01
95 picene 0.06 0.00 ' 0.00 0.06 0.01 0.02 0.00 0.00 0.02 0.01 0.02 0.00 0.00 0.02 0.01
96 benzo(ghi)perylene 0.61 0.00 0.00 0.61 0.13 0.27 0.00 0.00 0.27 0.08 0.25 0.00 0.00 0.25 0.09
97 anthanthrene 0.15 0.00 0.00 0.15 0.03 0.03 0.00 0.00 0.03 0.01 0.03 0.00 0.00 0.03 0.01
98 coronene 0.08 0.00 0.00 0.08 0.02 0.02 0.00 0.00 0.02 0.01 0 .0 2 1 0.00 0.00 0.02 0.01
99 total M W  302 0.75 0.00 0.00 0.75 0.15 0.36 0.00 0.00 0.36 0.10 0.24 0.00 0.00 0.24 0.08
Total m icroeram s 18.0 282.9 184.1 485.1 100.0 7.07 146.4 195.2 348.6 100.0 6.75 92.0 189.1 287.9 100.0
Percentage o f total 3.72 58.3 38.0 100.0 2.03 42.0 56.0 100.0 2.34 32.0 65.7 1 100.0 1
Table 8.1 (cont.) Analysis of coke oven emissions from No.6 battery
Sampled at 2 L min-1
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figures for major compounds, e.g., toluene, naphthalene and phenanthrene, indicate 
problems with the sampling technique.
Differences between the results of samples 2a and 2b were much greater than was 
experienced in earlier replicate sampling at 1 L min-1. The inconsistent results and drops 
in flowrate were assumed to be due to back pressure problems within the sample device. 
Excessive back pressure is normally evidenced by racing of the pump motor as it 
compensates for a drop in flowrate. However, the nominal flowrate of 2 L min-1 was 
achieved by the pump before the samplers were exposed to coke oven emissions without 
any sign of pump labouring. It is unlikely that blockages in the system would occur as 
vapours are trapped in the adsorbents; the back pressure due to adsorbent particles should 
be constant during the sampling period. The only flow-affecting factor which changes 
during sampling is the filter loading. In these trials at 2 L min-1 sample collection, the 13 
mm diameter filter became heavily coated with both organic matter and fine coke and dust 
particles. A likely source of back pressure was this concentration of particle loading over 
a very small surface area
8 .3  Sampler design for 2 L min'1 operation
It was apparent that a larger filter would aid in allowing the pump to maintain a flowrate 
of 2 L min-1. Both the NIOSH standard for sampling PAH in air (NIOSH, 1984) and the 
OSHA procedure for BSF (OSHA, 1986) utilise a 37 mm diameter filter. In sampling for 
BSF at BHP, Port Kembla, where samples are collected at 2 L min-1, no problem has 
occurred due to excessive back pressure over many years of experience. Samples are 
occasionally very heavily loaded with a mixture of organic matter and dust, but this 
loading is dispersed over a filter surface almost 10 times larger than that used for this 
characterisation work.
One of the aims of this project was to miniaturise the sample device, allowing use of 
minimum quantities of extracting solvent. This would, in turn, give the GC analytical
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technique a high degree of sensitivity without pre-concentration, allowing determination 
of compounds present in the air in trace quantities. If the filter in the apparatus shown in 
Figure 7.2 were to be enlarged to 37 mm, then a much larger opening into the Graphtrap 
GB section would be required and a greater mass of Graphtrap would be needed to fill the 
void. These increases in size were seen as adverse to the aims of sensitivity.
A 25 mm diameter filter has about half the surface area of one with a diameter of 37 mm. 
A sampling device could be constructed using a 25 mm filter, but in which the size of the 
Graphtrap section could be maintained at much the same as that in Figure 7.2 by 
funnelling gases being sampled from the filter down to a 6 mm diameter adsorbent tube. 
The funnel could be packed with a small amount of Graphtrap GB to avoid condensation 
of semi-volatile PAH. A volume of CS2 as little as 200 |iL  is sufficient for desorption of 
a 25 mm diameter filter and thus the sensitivity in the analysis achieved by using 13 mm 
filters can be maintained.
When re-designing the sampling device to accomodate a larger filter the shape of the inlet 
also had to be considered. It has been established that for coke oven emissions the inlet 
design is not critical as the PAH in these emissions are associated with aerosol particles 
of respirable size. The term "respirable" is defined in terms of the settling rate of 
particles, but, in general, refers to particles which, when inhaled, reach the alveolar 
region of the lung, from where they may also be exhaled. The inlet to a respirable dust 
sampler is usually a single hole, about 4 mm in diameter. The settling rate of these 
particles is so low that they can be treated as vapours. For sampling of coke oven 
emissions, both NIOSH and OSHA accept a 37 mm closed face cassette made from 
polystyrene for holding the filter, with a 4 mm diameter hole in the centre of the face to 
allow passage o f air being sampled. This type of cassette, shown in Figure 8.1, is 
unsuitable if  the vaporous PAH are to be measured because some compounds may 
condense on the large surface behind the filter, from where they cannot be recovered.
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This appears to be a weakness in NIOSH method 5515, which uses a filter cassette o f  
this type attached to an X AD -2 tube as back-up, for measuring PAH in air.
Table 8.2a  expresses the definition of respirability in terms o f the equivalent aerodynamic 
diameter (EAD) o f particles. The EAD is defined as the diameter o f a spherical particle of 
unit density (1000 kg n r3) which exhibits the same aerodynamic behaviour as the particle 
in question (SA A , 1989). Another term, "inhalable" dust, otherw ise known as 
"inspirable" dust, refers to particles w hich may also be inhaled but which do not 
necessarily reach the lung, being partly deposited in the nasopharyngeal (nose and throat) 
region. The International Organisation for Standardisation has defined inhalable dust in 
terms o f the particle EAD. This standard, ISO/TR 7708, (ISO, 1983) has been accepted 
by the Standards A ssociation o f Australia. The correlation between EAD and % 
inhalability is shown in Table 8.2b.
D evices are available which satisfy the ISO criteria for sampling. That is, the percentage 
o f particles o f increasing size which is drawn into the sampler operating at 2 L m in'1 must
4 mm inlet hole
Figure 8.1 Filter cassette used for personal sampling o f  
coke oven emissions for BSF
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be the same as the values listed in Table 8.2b. The modified United Kingdom Atomic 
Energy Authority (UKAEA) personal sampling head comprises a filter holder with a 
multi-orifice entry. It is commonly referred to as the "seven-hole sampler". Sampling 
using this device requires a pump capable of maintaining a smooth flowrate of 2.0 ± 0 .1  
L min-1 throughout the sampling period (SAA, 1989).
Table 8.2 Particulate mass sampling efficiency
(a) Respirable mass fraction
Particle equivalent 
aerodynamic diameter Respirability
p,m %
0 100
1 98
2 92
3 82
4 68
5 50
6 28
7 0
(b) Inhalable mass fraction
Particle equivalent 
aerodynamic diameter Inhalability
fim %
0 100
10 73
30 52
60 34
100 20
185 0
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In industries or applications where PAH in the air is associated with particles of larger 
than "respirable" size, personal sampling must be carried out using a device fitted with a 
suitable inlet, such as the seven-hole sampler.
8 .4  Seven-hole sampling device
A new device was constructed incorporating a 25 mm filter and 7-hole inlet. The seven 4 
mm diameter inlet holes are equispaced on the face of the sampler as specified by AS3640 
(SAA, 1989). The adsorbent section is 25 mm long and 6 mm diameter, with provision 
for extra adsorbent cartridges to be attached for back-up if needed. The step down in 
diameter from the 25 mm of the filter to 6 mm for adsorbents is provided by a shallow 
conical section at the inlet end of the adsorbent tube. When the sampler is filled, this 
section contains graphitised carbon to avoid condensation of PAH on the sampler walls.
The 25 mm filter is supported by a stainless steel screen and an "0"-ring under this screen 
prevents leakage around the filter. The whole device is attached to a base-plate with a 
lapel clip for use in personal sampling. A schematic view of the sampler is shown in 
Figure 8.3 and Figure 8.4 is a photograph of the device showing assembled and 
disassembled views. Use of this sampler at No .6 battery will be discussed in detail in the 
next section.
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Figure 8.3 Schematic views of 7-hole sampler for collection of 
particulate PAH and vapours
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■
Figure 8.4 7-hole sampler - assembled and disassembled views
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9 . Analysis of coke oven emissions using the seven-hole 
sampler
9 .1  Sample location
A set of seven samples was collected at N o .6 battery to test the performance of the new 
sampling device. The arrangement for each sample is described below. Because the 
samples were collected during a period of low production, coking times were very long 
(>24 hours). The sampling time for the seven samples was 5 hours and during this time 
no operations o f coal charging or coke pushing took place. Consequently, emission 
levels in the air were extremely low and would not have provided a fair test for operation 
of the samplers at 2 L min-1, as increase in back pressure due to blockage of filters was 
unlikely. Fumes emitting from one leaking chuck-door provided the only source of 
emissions at that time, and these were chosen as sample material for sampler comparison. 
A chuck-door is a small opening in the upper portion o f the side door o f the oven, 
through which a bar is inserted for levelling the small piles which occur on top of the coal 
in the oven after charging. Direct fume leakage does not model the average composition 
of work place air containing coke oven emissions and close agreement between its 
analysis and the compound distribution data in Table 7.7 was not expected. However 
this material does provide a good opportunity to test sampler performance, as the 
resulting sample mass should be high, and filter blockage should occur to some extent.
A ll the samplers and their pumps were placed in a wooden box, raised above the 
brickwork to prevent overheating of apparatus by conducted heat. Sample temperature 
was 35°C during the 5-hour sampling period. The seven samplers were placed as close 
together as possible but, because of their bulkiness, the total distance between all sample 
inlets was 15 centimeters.
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9 .2  Individual sampler arrangement
The seven samples comprised four using the new 7-hole sampler, a conventional BSF, a 
sample collected by the device used for characterisation work and one charcoal tube. The 
reasons for this selection are set out below.
(1) 7-hole sample 1
This sampler was not packed with adsorbent. By collection of emissions with a 
filter only, direct comparison with BSF results could be made. The nominal 
sampling rate was 2 L min-1.
(2) 7-hole sample 2
This sampler was fully packed with adsorbent, as illustrated in Figure 8.3b. 
When the sampler is fully packed it contained 400 mg of Graphtrap GB and 150 
mg of charcoal. All fractions from this sample were to be analysed by the GC 
procedure. The nominal sampling rate was 2 L min-1.
(3) 7-hole sample 3
This sampler was packed, but used a smaller bed of Graphtrap GB so that this 
adsorbent and the charcoal were contained in the main sampler body. Adsorbent 
masses in this case were 200 mg for Graphtrap and 150 mg for charcoal. The 
filter from this sampler was to be analysed by the BSF procedure to provide a 
comparison with BSF for a fully packed sampler. The nominal sampling rate was 
2 L min-1.
(4) 7-hole sample 4
This sampler was fully packed, like sample 2, but was intended for sampling at 1 
L min-1 for comparison with 2 L min-1 samples and previous work. All fractions 
from this sample were to be analysed by the GC procedure.
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(5) Conventional BSF
This sample was collected for analysis by the OSHA procedure for BSF using a 
37 mm glass fibre filter held in a polystyrene cassette as illustrated in Figure 8.1. 
The nominal sampling rate was 2 L min-1.
(6) Sampler used for characterisation work
This sample, using the device illustrated in Figure 7.2, was intended to act as a 
base for comparison of this work and the results described in Section 7. The 
nominal sampling rate was 1 L min-1. All fractions from this sample were to be 
analysed by the GC procedure.
(7) Charcoal tube
This sample, using a conventional OSHA charcoal tube containing 150 mg of 
adsorbent, was intended to provide a base figure for the volatile components, 
benzene, toluene, xylene and the volatile aliphatics. The nominal sampling rate 
for this test was 200 mL min-1.
When the BSF procedure is followed, the benzene extract is concentrated to a 1 mL 
volume, from which 0.5 mL is evaporated to dryness to generate the BSF residue, and 
the other 0.5 mL kept for reference. In samples from this work where BSF analysis was 
to be performed, it was intended to keep the residues and solutions for GC analysis. In 
this way a well controlled, if small, programme for comparison of GC and gravimetric 
results would give the opportunity to study previously observed differences between 
these techniques.
In summary, this sampling programme would allow generation of three BSFs, one using 
the OSHA technique and two using the 7-hole sampler, one of which was unpacked and 
the other packed. Four packed sampler analyses, three from 7-hole samplers and one 
from a single inlet sampler, would be obtained. Two of these samples would be collected
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at 2 L min-1 and two at 1 L min-1. There would be three comparisons between 
gravimetric and analytically (GC) generated BSF's, the analytical result being from 
duplicate samples. Finally, a charcoal tube sample for volatile components would allow a 
comparison of their collection at different flowrates.
Actual sampling conditions are set out in Table 9.1. In all cases, the sampling rate was 
maintained during the 5-hour sampling period, even though the filters became heavily 
loaded with emission compounds. There was no sign of pump-motor racing, indicating 
pumping difficulty. One of the pumps, used with a packed 7-hole sampler at 2 L min-1, 
was allowed to run to battery exhaustion in the laboratory to give an idea of the battery 
strain experienced during sampling. It continued to run for over 20 hours, showing that 
even in high emission conditions, the new sampling device would provide no operational 
problems due to back pressure.
Table 9.1 Actual flowrates during collection of the samples at N o .6 battery
Initial flowrate 
Linin'1
Final flowrate 
Linin'1
1. 7-hole sampler 
filter only
2.040 2.040
2 . 7-hole sampler 
fully packed
1.930 1.970
3. 7-hole sampler
short Graphtrap section
2.030 2.030
4. 7-hole sampler 
fully packed
1.085 1.125
5. Normal BSF 2.035 2.005
6 . Characterisation 
sample device
1.020 0.990
7. Charcoal tube 0.220 0.220
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9 .3  Discussion of results
9.3.1 BSF results
The three samples analysed by the gravimetric procedure gave comparable results. Exact 
duplicates were not expected because of the distance between sampler inlets, but close 
correlation was anticipated. The mass of residue and calculated BSF result in pg nr3 are 
summarised in Table 9.2. Sample numbering is from Table 9.1.
Table 9.2 BSF results from 7-hole sampler
Mass residue BSF
mg pg n r
Sample N o.l 0.486 1588
Sample No.3 0.565 1856
Sample No.5 0.495 1633
These results show agreement well within the experimental repeatability of the gravimetric 
technique. They indicate that the new sample device, whether used packed for 
determination of volatile matter or un-packed for gravimetric analysis only, can be used in 
lieu of the polystyrene filter cassette of the OSHA standard.
9 .3 .2  Analysis of BSF residues
The residues from the gravimetric determinations outlined above were re-dissolved in 
carbon disulphide and analysed by GC-FID. The 0.5 mL reference solution from each 
determination was also analysed by GC-FID. The analytical results and comparison with 
BSF values reported for these samples is shown in Table 9.3. Sample numbering is from 
Table 9.1. The BSF result produced by totalling the masses of individual compounds 
determined by GC analysis was a figure significantly lower than that obtained by the 
gravimetric procedure. This difference has been observed for some time, an early
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indication being that the analysis yielded a figure of about one half of the gravimetric BSF 
(Kirton, 1982). Refinement of the analytical procedure indicates that the gravimetric 
result is between 5 and 8 times higher than the analytical result. Detailed study of the 
residue which is weighed in the gravimetric procedure was performed to find reasons for 
the difference. This study is described in Section 10.
Table 9.3 BSF determined by analysis of filters
Calculated mass 
(residue)
Mg
Calculated mass 
(reference solution)
MS
BSF by 
analysis 
Mg nr3
BSF by 
gravimetry 
Mgnr3
Sample 1 80.4 75.6 255 1588
Sample 3 74.9 83.6 261 1856
Sample 5 84.0 84.6 278 1633
9.3.3 Analysis of volatile compounds
Volatile compounds were determined on five o f the samples; the three packed 7-hole 
samplers, the single-hole (characterisation) device and the charcoal tube. Because the 
sample was collected at a low flowrate, the result from the charcoal tube was treated as a 
base figure for comparison. Close correlation between the results from all five samplers 
was obtained, as is set out in Table 9.4, indicating that the new sampler is effective in 
trapping volatile compounds at flowrates as high as 2 L min-1. This observation was 
expected as previous work using secondary charcoal traps had shown no breakthrough 
from the primary charcoal section.
9 .3 .4  Analysis of samples for the 99-compound set
The three packed 7-hole samplers and the single-hole sampler were analysed for the full 
suite of compounds as set out in Table 7.7. The extracts from samplers using a filter only 
were also fully analysed for those PAH which were retained. It was those analyses 
which were totalled to give the analytical BSF reported in Table 9.3. Table 9.5 sets out
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Table 9.4 Analysis of volatile compounds
Sampler No. (see Table 9.1) 2 3 4 6 7
C6 - C9 aliphatics 37.4 35.9 17.0 12.4 3.65
jig n r3 63.9 58.9 51.2 41.1 55.3
benzene 134.2 154.6 105.6 76.1 16.5
!tg nr3 229.4 253.8 318.5 252.4 250.0
toluene Hg 125.5 137.0 75.4 60.4 10.2
jig nr3 214.5 224.9 227.5 200.3 154.5
Os aromatics ^g 67.8 78.8 36.7 35.2 5.55
Itgnr3 115.8 129.3 110.7 116.7 84.1
the total mass of each of the 99 components recovered from each packed sampler and its 
percentage contribution to the total. These percentages were averaged and a standard 
deviation calculated to compare these results with the characterisation work earlier. The 
distribution of components between the three sampler sections is expressed in Table 9.5 
as the percentage of the total mass recovered from each section. The total mass sampled 
has been normalised to |xg nr3 to demonstrate the repeatability of the sampling technique.
9 .3 .5  Analysis of samples for the 99-compound set - Discussion 
The amount of benzene recovered in all samples was quite low when compared with data 
in Table 7.7. This observation illustrates the need to be cautious in selection of sample 
location, to minimise influence from localised sources such as the fume leak sampled in 
this case. The low benzene figure tended to raise the values for the percentage 
contributions for all other compounds, so that comparison with Table 7.7 was not valid, 
although the general pattern of the two tables (Table 9.5 and 7.7) is the same. However, 
repeatability between the four samples is of the same order as that expressed in Table 7.7.
Sample 2 Sample 3 Sample 4 Sample 6
No. Compound ^g % o f  
Total
Hg % o f  
Total
% o f 
Total
fig % o f
Total
Mean % 
o f Total
% R.SX).
1 C6-C9 aliphatics 37.5 3.75 35.9 3.10 17.0 2.91 12.4 2.35 3.03 19.2
2 benzene 134.2 13.4 154.6 133 105.7 18.1 76.1 14.4 14.8 15.0
3 toluene 125.5 12.6 137.0 11.8 75.4 12.9 60.5 115 12.2 5.4
4 ethylbenzene 4.81 0.48 5.95 0.51 2.57 0.44 2.52 0.48 0.48 6 3
5 p-xylene, m-xylene 52.6 5.27 57.1 4.93 26.6 4.56 25.5 4.83 4.90 6.0
6 styrene 6.50 0.65 7.00 0.60 3.10 0.53 3.10 0.59 0.59 8.4
7 o-xylene 8.68 0.87 8.80 0.76 4.36 0.75 4.13 0.78 0.79 7.0
8 n-propylbenzene 5.16 0.52 5.29 0.46 2.22 0.38 2.96 0.56 0.48 16.4
9 mesitylene 5.77 0.58 6.66 0.57 2.57 0.44 3.49 0.66 0.56 163
10 benzonitrile 0.20 0.02 0.23 0.02 0.03 0.01 0.17 0.03 0.02 57.4
11 pseudocumene 5.94 0.60 5.76 0.50 2.33 0.40 3.49 0.66 0.54 21.4
12 phenol 5.36 0.54 5.16 0.45 2.73 0.47 2.39 0.45 0.48 8.8
13 benzofuran 1.50 0.15 1.34 0.12 0.64 0.11 0.93 0.18 0.14 22.7
14 indan 1.64 0.16 1.72 0.15 1.16 0.20 1.24 0.24: 0.19 20.7
15 indene 23.1 2.31 25.0 2.16 13.0 2.23 14.1 2.68 2.34 9.9
16 cresols 4.09 0.41 4.30 0.37 1.60 0.27 2.47 0.47 0.38 21.5
17 xylenols 0.63 0.06 1.50 0.13 0.59 . 0.10 0.49 0.09 0.10 28.2
18 methylindenes 5.54 0.56 7.03 0.61 2.91 0.50 2.79 0.53 0.55 8.4
19 naphthalene 148.7 14.9 172.6 14.9 78.0 13.4 81.9 15.5 14.7 6.3
20 benzo(b)thiophene 3.29 0.33 2.42 0.21 1.65 0.28 2.03 0.39 0.30 24.8
21 other alkylated benzenes 5.00 0.50 4.35 0.38 3.72 0.64 3.37 0.64 0.54 23.5
22 2-methylnaphthalene 27.9 2.79 40.5 3.49 14.5 2.49 17.1 3.25 3.00 15.0
23 1 -methy lnaphthal ene 14.0 1.40 17.9 1.55 5.86 1.00 7.31 1.39 1.33 17.4
24 methylbenzothiophenes 1.56 0.16 2.87 0.25 0.58 0.10 0.86 0.16 0.17 36.7
25 indole 0.20 0.02 0.20 0.02 0.29 0.05 0.16 0.03 0.03 50.0
26 quinoline 0.41 0.04 0.67 0.06 0.52 0.09 0.80 0.15 0.08 57.5
27 biphenyl 3.36 0.34 6.65 0.57 3.15 0.54 3.50 0.66 0.53 26.2
28 dimethylnaphthalenes 24.8 2.48 34.5 2.98 15.2 2.61 17.6 3.33 2.85 13.5
29 acenaphthylene 22.9 2.30 31.0 2.68 12.5 2.14 13.5 2.56 2.42 10.1
Table 9.5 Analysis of coke oven emissions from No.6 battery -
Samples taken with the 7-hole sampler at 2 L min-1 o\o
Sample 2 Sample 3 Sample 4 Sample 6
N o. Compound Hg % o f 
Total
M8 % o f  
Total
Hg % o f  
Total
Itg % of
Total
Mean % 
of Total
% R.SJD.
30 acenaphthene 4.82 0.48 6.77 0.58 2.84 0.49 2.89 0.55 0.53 9.4
31 methylbiphenyls 3.89 0.39 5.33 0.46 2.87 0.49 2.72 0.52 0.46 11.8
32 dibenzofuran 16.9 1.69 25.0 2.16 10.2 1.74 10.3 1.96 1.89 11.4
33 trimethylnaphthalenes 4.08 0.41 12.9 1.11 4.52 0.77 3.06 0.58 0.72 42.0
34 fluorene 22.6 2.27 31.6 2.73 12.5 2.14 14.1 2.67 2.45 11.9
35 benzindenes (or me-acenaphthylenes) 6.27 0.63 10.1 0.87 5.63 0.96 2.56 0.49 0.74 29.7
36 methyldibenzofurans 2.51 0.25 4.17 0.36 2.21 0.38 1.65 0.31 0.33 17.4
37 methylfluorenes 4.86 0.49 5.59 0.48 4.11 0.70 3.74 0.71 0.60 21.5
38 dimethyldibenzofurans 4.76 0.48 5.59 0.48 3.85 0.66 3.57 0.68 0.57 19.0
39 dibenzothiophene . 2.89 0.29 2.94 0.25 1.68 0.29 1.04 0.20 0.26 16.8
40 phenanthrene 38.4 3.85 53.0 4.58 23.4 4.01 25.0 4.74 4.29 10.0
41 anthracene 8.05 0.81 14.0 1.21 5.35 0.92 7.81 1.48 1.10 27.6
42 acridine 0.59 0.06 2.64 0.23 0.47 0.08 0.32 0.06 0.11 75.8
43 phenanthridine 0.25 0.03 1.43 0.12 0.27 0.05 0.15 6.03 0.06 82.5
44 dimethylfluorenes/trimethyldibenzofurans 1.77 0.18 2.23 0.19 1.11 0.19 1.49 0.28 0.21 23.0
45 carbazole 3.67 0.37 7.29 0.63 1.92 0.33 2.36 0.45 0.44 30.1
46 methylphenan/anthracenes 8.76 0.88 13.1 1.13 5.10 0.87 7.93 1.51 1.10 27.1
47 4H-cyclopenta[def]phenanthrene 3.20 0.32 3.99 0.34 1.50 0.26 1.76 0.33 0.31 12.5
48 methylcarbazoles 0.59 0.06 0.69 0.06 0.42 0.07 0.45 0.09 0.07 18.0
49 2-phenylnaphthalene 2.40 0.24 2.03 0.18 1.57 0.27 1.14 0.22 0.23 17.6
50 methylbenzquinolines 3.23 0.32 2.30 0.20 0.77 0.13 0.68 0.13 0.20 46.6
51 dimethylphen/anthracenes 5.88 0.59 7.06 0.61 1.71 0.29 1.44 0.27 0.44 41.5
52 fluoranthene 27.8 2.78 27.8 2.40 9.87 1.52 8.30 1.55 2.06 30.4
53 acephenanthrylene 2.62 0.26 1.55 0.13 1.21 0.19 1.15 0.21 0.20 26.8
54 phenanthro(4,5-bcd)thiophene 1.01 0.10 0.91 0.08 0.84 6.11 0.50 0.09 0.10 14.7
55 aceanthrylene 0.63 0.06 0.35 0.03 0.30 0.04 0.39 0.07 0.05 36.7
56 pyrene 16.3 1.63 15.8 1.36 6.22 0.97 5.25 0.95 1.23 26.9
57 methylphenylnaphthalene 0.59 0.06 0.94 0.08 0.37 0.06 0.24 0.05 0.06 23.6
58 benzonaphthofurans 1.88 0.19 1.73 0.15 0.98 0.17 0.80 0.15 0.16 11.0
Table 9.5 (cont.) Analysis of coke oven emissions from No.6 battery -
Samples taken with the 7-hole sampler at 2 L min-1 O n
Sample 2 Sample 3 Sample 4 Sample 6
No. Compound % of
Total
Hg % of
Total
Hg % o f  
Total
Hg %of
Total
Mean % 
of Total
% R.S.D.
59 azafluoranthene/azapyrene 0.22 0.02 0.12 0.01 0.14 0.02 0.08 0.02 0.02 35.1
60 4H-benzo(def)carbazole 1.01 0.10 1.04 0.09 0.70 0.12 0.48 0.09 0.10 13.8
61 benzo(a)fluorene 5.93 0.59 5.63 0.49 3.49 0.60 2.37 0.45 0.53 14.2
62 benzo(b)fluorene 5.50 0.55 4.59 0.40 2.88 0.49 2.00 0.38 0.46 17.9
63 methylfluoranthenes 1.31 0.13 1.36 0.12 1.05 0.18 0.64 0.12 0.14 21.0
64 methylpyrenes 1.50 0.15 1.89 0.16 1.68 0.29 1.05 0.20 0.20 31.0
65 methylbenzfluorenes/dime-fluor/pyrenes 3.47 0.35 3.31 0.29 2.34 0.40 1.60 0.30 0.33 15.3
66 benzo(b)naphtho(2,1 -d)thiophene 3.64 0.36 2.71 0.23 3.07 0.53 1.28 0.24 0.34 39.9
67 benzo (ghi)fluoranthene 0.75 0.08 0.46 0.04 0.25 0.04 0.18 0.03 0.05 38.6
68 benzo(c)phenanthrene 0.85 0.09 0.99 0.09 0.37 0.06 0.46 0.09 0.08 14.1
69 benz(c)acridene 1.50 0.15 1.15 0.10 0.43 0.07 0.59 0.11 0.11 29.4
70 benzo(b)naphtho( 1,2-d)thiophene 0.34 0.03 0.23 0.02 0.25 0.04 0.10 0.02 0.03 40.0
71 benzo(b)naphtho(2,3-d)thiophene 0.56 0.06 0.66 0.06 0.35 0.06 0.25 0.05 0.06 9.7
72 cyclopenta(cd)pyrene 0.90 0.09 0.56 0.05 0.38 0.07 0.28 0.05 0.06 29.2
73 benz(a)anthracene 11.0 1.10 8.90 0.77 7.02 1.20 4.67 0.89 0.99 19.9
74 chrysene + triphenylene 11.7 1.17 9.12 0.79 7.40 1.27 4.16 0.79 1.00 25.1
75 benzocarbazoles 4.94 0.50 4.04 0.35 2.85 0.49 1.69 0.32 0.41 22.1
76 naphthoquinolines 0.63 0.06 0.38 0.03 0.28 0.05 0.25 0.05 0.05 25.9
77 naphthacene 0.08 0.01 0.11 0.01 0.07 0.01 0.05 0.01 0.01 16.9
78 benzanthrone 0.86 0.09 0.84 0.07 0.51 0.09 0.46 0.09 0.08 8.7
79 methylchrysenes (etc.) 4.50 0.45 3.32 0.29 1.78 0.30 1.64 0.31 0.34 22.4
80 4H-cyclopenta(def)chrysene (etc) 2.58 0.26 2.62 0.23 1.40 0.24 1.28 0.24 0.24 5.5
81 binaphthyls 0.65 0.07 0.68 0.06 0.46 0.08 0.30 0.06 0.06 15.3
82 benzo(b)fluoranthene 8.30 0.83 8.11 0.70 5.25 0.90 2.76 0.52 0.74 22.4
83 B(j)F + B(k)F 6.00 0.60 6.47 0.56 3.50 0.60 2.40 0.46 0.55 12.3
84 benzo(a)fluoranthene 2.00 0.20 1.61 0.14 1.22 0.21 0.90 0.17 0.18 17.7
85 methylbinaphthyls 0.10 0.01 0.49 0.04 0.28 0.05 0.35 0.07 0.04 56.4
86 benzo(e)pyrene 6.00 0.60 4.77 0.41 3.38 0.58 1.92 0.36 0.49 24.3
87 benzo (a)pyrene 6.20 0.62 5.50 0.47 4.65 0.80 2.77 0.53 0.60 23.4
Table 9.5 (cont.) Analysis of coke oven emissions from No.6 battery -
Samples taken with the 7-hole sampler at 2 L min-1 ONto
Sample 2 Sample 3 Sample 4 Sample 6
No. Compound M-g % o f Hg % of Hg % of Hg % of Mean % % R.SJD.
Total Total Total Total o f Total
88 perylene 1.00 0.10 0.92 0.08 0.93 0.16 0.57 0.11 0.11 30.3
89 methylbenzfluorantenes /  -benzpyrenes 4.60 0.46 2.41 0.21 2.50 0.43 1.29 0.24 0 3 4 38.0
90 indeno(7,1,2,3 -cdef)chry sene 0.44 0.04 0.44 0.04 0.34 0.06 0.20 0.04 0.04 21.4
91 dibenz(a,j)anthracene 0.89 0.09 0.95 0.08 0.40 0.07 0.45 0.09 0.08 11.1
92 indeno( 1,2,3-cd)pyrene 4.44 0.45 4.38 0.38 2.65 0.45 1.80 0.34 0.40 13.3
93 dibenz(aji)anthracene 1.30 0.13 1.50 0.13 0.83 0.14 0.50 0.09 0.12 16.4
94 benzo(b)chrysene 0.59 0.06 . 1.14 0.10 0.47 0.08 0.48 0.09 0.08 20.8
95 picene 0.44 0.04 0.47 0.04 0.25 0.04 0.21 0.04 0.04 4.7
96 benzo (ghi)pery lene 4.14 0.41 4.03 0.35 2.51 0.43 1.77 0.34 0.38 12.3
97 anthanthrene 0.89 0.09 1.17 0.10 0.69 0.12 0.83 0.16 0.12 25.6
98 coronene 0.29 0.03 0.31 0.03 0.20 0.03 0.14 0.03 0.03 12.3
99 total M W  302 3.85 0.39 6.41 0.55 2.34 0.40 2.56 0.49 0.46 17.1
Total ('m2') 1.00 100.0 1.16 100.0 0.59 100.0 0.53 100.0
Flowrate (L/min) 1.950 2.030 1.105 1.005
Sample time (min) 300 300 300 300
Volume samoled (litres) 585 609 332 302
Total hydrocarbons (m2/m3) 1.71 1.90 1.77 1.75
% on Filter 16.0 13.5 15.9 12.6
% in Graphtrap GB 53.1 55.4 57.5 60.2
% in Charcoal 30.9 31.1 26.6 27.2
Table 9.5 (cont.) Analysis o f coke oven em issions from N o .6 battery - 
Samples taken with the 7-hole sampler at 2 L min-1
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Little difference was observed in the percentage results when samples were collected at 
different flowrates (1 L min-1 and 2 L min-1), although variation in the distribution of 
semi-volatile compounds between filter and Graphtrap occurred. Little difference was 
observed, also, between use of a 7-hole sampler fully packed with 400 mg of Graphtrap 
GB and one containing only half that amount. This indicates that a 200 mg Graphtrap 
GB bed is satisfactory for routine use and, as the shorter adsorbent column will create 
less back pressure, the final design will incorporate that amount.
Close agreement between the four samples was obtained when the results were 
normalised to jug n r3. Only one result (Sample 3) showed any variation and this may 
have been due to experimental error, e.g., in measuring the pump flowrate, and not to the 
performance of the sampler. A larger number of replicate samples will be required to 
establish the true repeatability but these early results indicate that the new sample device 
offers a highly reproducible collection technique.
A much higher portion of the emission compounds was retained by the filter in this work 
than in the sample results listed in Table 7.7, even though the sampling rate had been 
doubled. The larger amount retained by the filter was determined to be a function of the 
concentration of PAH in the air being sampled, confirming earlier results. Semi-volatile 
components such as phenanthrene, anthracene, fluoranthene and pyrene exhibited a high 
degree o f breakthrough when the filter loading was low, but were retained more 
effectively as the filter became more heavily coated with PAH compounds and dust. In 
Figure 9.1, the percentage of each of these four PAH which was retained by the filter is 
compared to the total amount of material determined in the sample. Only data from 
samples collected at 35°C and a flowrate of 2 L min’1 was used for this graph.
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Figure 9.1 Filter retention of 3- and 4-ring PAH at different filter loading values.
Sampled at 2 L min-1 and 35°C
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9 .4  Seven-hole sampler for coke oven emissions - Summary
Design criteria set at the beginning of this project (Section 1, page 8) were:
a) The sampling device must be able to generate a BSF result.
b) It must be capable of sampling at 2 L min-1, the prescribed rate for inhalable dust.
c) It must contain a means of collecting volatile compounds, so that the full suite of 
PAH can be determined.
d) It should allow extraction o f sampled compounds by minimum quantities of 
solvent to allow high sensitivity.
The work described above has shown that the new device satisfies all these criteria. The 
sampler can be used to characterise organic emissions into the atmosphere and should 
have application in areas other than coke ovens. It can be used in lieu of the OSHA and 
NIOSH samplers, giving the added advantage of sampling for volatile compounds 
simultaneously with sampling for particulates. BSF results from the sampler compared 
well with those determined by following the OSHA procedure. The BSF figure was not 
affected by packing of the adsorbent section.
The new sampler will perform well under conditions of personal sampling at coke ovens. 
A sampling flowrate of 2 L min-1 was achieved throughout the sampling period without 
stoppage due to excessive back pressure, even when the BSF was 1.8 mg n r3. Routine 
personal sampling yields figures generally less than 0.2 mg n r3 and the highest results 
are rarely more than 1 mg m-3.
Standard methods for analysis of hydrocarbon vapours normally recommend sampling by 
charcoal tube at a low flowrate. Results for the vaporous components o f coke oven 
emissions, sampled with the 7-hole sampler at a high flowrate, compared favourably with 
charcoal tube results. As well as vaporous compounds, all volatile PAH were trapped 
and recovered quantitatively from the adsorbent chosen (Graphtrap GB).
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The aim for miniaturisation of the sampler was realised. The sample device is small 
enough to be worn comfortably by the worker being monitored. A small sampler 
requires only small volumes of solvent for extraction. The volume of CS2 used for 
extraction of the filter and charcoal sections was 400 qL and 700 |iL  was needed for the 
Graphtrap section. It was possible to concentrate the filter extract without loss of sample 
components by rapid evaporation under a stream of nitrogen in the sample vial. Detection 
limits depend on the recovery efficiency for each compound from adsorbents, the degree 
of concentration of the extract and the sensitivity of the chromatographic system. The 
values for detection limits were *10 ng of each compound for all extracts but could be 
improved to *1 ng for components from the filter by evaporative concentration of the CS2 
solution.
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10. Total hydrocarbon analysis and BSF - Explanation of 
differences for coke oven emissions
The analytical procedure used for this work was refined to the point where all the 
components o f the filter extract up to a molecular weight of 302 could be determined 
routinely. By summation of the masses of these components, a theoretical BSF figure 
may be calculated. This result, however, was always lower than the BSF which was 
measured gravimetrically, using the same sample. A detailed analytical study of several 
BSF residues was carried out to determine the reasons for observed differences and to 
find whether a common factor existed between the two values.
10.1  BSF by analysis - Preliminary study
Four sample residues from the routine BSF programme at BHP, Port Kembla were 
selected for analysis. The total mass, in micrograms, of PAH in each sample was 
determined by GC-FID. The initial mass of the residue and the total mass of analysed 
components are shown in Table 10.1.
Table 10.1 Comparison of actual and calculated mass of BSF residues
Actual mass 
Pg
Calculated mass 
Pg
Actual mass/ 
calculated mass
Sample 1 440 53.25 8.26
Sample 2 81 13.18 6.15
Sample 3 120 14.35 8.36
Sample 4 220 33.06 6.65
The actual mass of material was from 6 to 8 times higher than the calculated value in each 
case. As the unidentified material constitutes most of the mass of the benzene soluble 
portion o f coke oven emissions, a need to characterise it was recognised because of 
possible health effects.
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The unidentified material has some physical properties which were deduced by 
observation. It is soluble in benzene forming a reddish solution. When a standard 
mixture of PAH encompassing the whole range of compounds which had been found in 
coke oven emissions is dissolved in benzene, a fluorescent yellow solution results. BSF 
residues, on the other hand, always give a red-brown solution in benzene. The same 
colouration is observed when CS2 is used as a solvent.
The molecular weight of this material is higher than 600 daltons. No unexplained masses 
less than this value were found when DI-MS was performed on coke oven emission 
samples. By scanning from 200 - 600 daltons, only PAH of MW <424 were identified. 
Table 10.2 shows the distribution of PAH in a BSF residue and the absence of masses 
above 424 daltons.
Table 10.2 Distribution of PAH of MW 200 - 600
in coke oven emssions - DI-MS
Molecular Abundance Abundance
weight relative to relative to
MW 228 MW 228
Coal Tar Emissions
202 2.130 2.070
228 1.000 1.000
252 1.640 1.440
276 0.890 0.470
278 0.300 0.180
302 0.510 0.230
326 0.380 0.120
350 0.170 0.040
376 0.060 0.030
400 0.020 0.007
424 0.006 0.002
450 0.002
Elemental sulphur is soluble in benzene and CS2 and will not show no response on the 
FID. If sulphur was present in BSF residues, it would not be found by the analytical 
procedure used in this study. The mass fragments from sulphur in the mass range used,
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i.e., peaks at mass 256 and 224, were not evident in DI-MS analysis of BSF residues. A 
BSF residue (No.4 in Table 10.1) was analysed for sulphur content by the following 
technique. The residue was burnt in an atmosphere of compressed oxygen in a bomb 
calorimeter. A small amount of water (10 mL) had been added to the bomb prior to firing 
the sample. After combustion, the excess oxygen was released and the water removed. 
Oxides of sulphur in the water were fully oxidised to S 0 3 by boiling with bromine. The 
resulting solution was analysed for sulphate by ion chromatography. A result for 
sulphate of 7.4 fig mL-1 was obtained which converted to 25 fig of sulphur in the 10 mL 
solution. The method was subject to considerable interference and the result could be 
high. When the mass of PAH and sulphur was subtracted from the initial mass, the 
unknown balance of BSF residue No.4 was 162 fig, or 73.6% of the total. This 
breakdown is summarised in Table 10.3. It was still evident that the bulk of the BSF 
residue was of unknown composition.
Table 10.3 Composition of BSF residue
Hg %
PAH 33.1 15.0
Sulphur 25 11.4
Unknown 162 73.6
Total 220 100.0
10 .2  BSF by analysis - Effect of particulate matter on BSF
One of the steps in the OSHA procedure for BSF requires that the benzene solution be 
filtered by passing it through a No.2 porosity (41 - 100 fim pore size) glass frit. The 
filtration step is to remove fine particulate matter washed from the surface of the filter 
during extraction. When BSF residues were re-dissolved in CS2 for analysis, a black 
deposit settled in the sample vial on standing. This deposit may constitute very fine
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particles or colloidal carbonaceous matter which had passed through the porous frit 
during filtration. This material would not be measured by the GC procedure.
When the BSF samples from the 7-hole samplers were being prepared, a bed of glass 
fibres was placed on top of the glass frit, to improve the filtering efficiency. The 
solutions obtained after filtering showed no evidence of deposit formation, even after 
standing for two weeks. Results listed in Table 9.3 show the difference between analysis 
and gravimetry for these more efficiently filtered samples. The gravimetric results were 
greater than the analytical figures by factors of 6.22,7.11 and 5.87 for samples 1,3 and 5 
respectively. These factors were only marginally less than the values expressed in Table
10.1. The unknown material cannot be fully explained by colloidal particulate matter 
passing through the filter, although consideration could be given to improving the 
filtration step of the BSF procedure for better repeatability.
10.3  Column chromatography of BSF residue
The three residues from samples 1,3 and 5 (Table 9.1) were pooled, dissolved in 
dichloromethane and passed through a short column of activated alumina. Elution was 
carried out using dichloromethane and, when the washings were clear, continued with 
acetone. The dichloromethane solution was a red-brown colour and the acetone solution 
was orange. Although the acetone solution had a strong colour, after evaporation its 
mass was too low to be determined accurately. The residue was re-dissolved in CS2 and 
analysed by DI-MS. Figure 10.1 shows one scan near the point of maximum intensity of 
the DI-MS plot. The odd-numbered molecular masses represent nitrogen heterocyclic 
polyaromatic hydrocarbons (N-PAH). The acetone fraction was thus shown to contain 
the N-PAH compounds from the original BSF residues.
The dichloromethane fraction was evaporated to dryness and re-weighed. A mass of 980 
|Xg had been recovered. This was re-dissolved in CS2 and analysed by GC-FID. The 
total mass by analysis was 163 pg. The mass of residue obtained by weighing was 5.98
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times the mass by analysis, which is effectively un-changed from the mean of 6.4 before 
this column separation procedure. This result showed that the unidentified material was 
very soluble in dichloromethane and is relatively non-polar, being completely eluted from 
an alumina column by that solvent.
F igure 10.1 Mass spectrum obtained by DI-MS of acetone extract 
from column chromatography of BSF residue
1 0 .4  T h in -lay er ch ro m ato g rap h y  (TLC) of BSF residues
The remainder of the three reference solutions from samples 1, 3 and 5 (Table 9.1) were 
pooled, evaporated to dryness and the resulting residue analysed by Iatrascan. This 
instrument is based on a TLC technique in which the sample solution is spotted onto a 
thin silica rod coated with silica gel. The chromatogram is allowed to develop on the rod 
using a mixture of n-hexane (95%) and methanol (5%) as mobile phase. After 
development, the rod is placed into a support in the Iatrascan, where it is moved through 
the flame of an FID. Signals are generated whenever resolved components pass through 
the flame. The device is useful in detecting the presence of low MW compounds, which
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have moved along the rod with the mobile phase, and high MW or very polar compounds 
which remained where the sample was spotted onto the rod. The signal is displayed on a 
chart and the area under each peak is integrated. Because the FID is a mass detector, the 
signal is proportional to the mass o f each component. However, the signal may be low  
when the carbon/hydrogen ratio increases or when the molecule contains atoms other than 
carbon and hydrogen.
Figure 10.2 shows the chromatogram from one run of several which were performed on 
the coke oven emission sample. Because of the way in which the rod is inserted into the 
Iatrascan, peaks representing compounds which have moved furthest along the rod have 
the shortest retention time. Iatrascan analyses of the BSF residue gave three peaks with 
retention times o f 0.24, 0.33 and 0.58 minutes respectively. Figure 10.2  also lists the 
percent o f the total area for each peak, which is a close approximation of the mass of the 
compound represented by each peak. The peak at 0.58 minutes represents material which 
is soluble in both dichloromethane and CS2 but which remains stationary on the column 
under the influence of a non-polar mobile phase. This material would be unlikely to elute 
from the column in gas chromatography.
RT AREA TYPE AREA %
0.24 11385 PV 1.9
0.33 147380 W 24.5
0.58 441740 VB 73.6
Figure 10.2 Chromatogram from Iatrascan analysis o f BSF residue
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In Figure 10.2, the area of the immobile peak is shown as 73.6%. This value conforms 
exactly to the amount of unidentified material listed in Table 10.3. The FID response for 
this material may be lower than for PAH compounds of MW <302, and the area percent 
figure may predict a mass lower than the actual mass. Conversely, the calculation for 
sulphur content may be high due to possible interferences. The results indicate, 
however, that total mass closure has been obtained and the amount of unidentified 
material in coke oven emissions may be measured. There was still a need to both identify 
this material and to establish whether its amount relative to the amount of PAH is 
constant.
10.5  BSF residue - Suggested future work
Techniques to further study the structure of the unidentified portion of BSF residues 
require more sample material than can be readily obtained during a "one-off' sampling 
exercise at the coke oven battery. For example, if nuclear magnetic resonance (NMR) 
spectrometry were to be performed, the residue from a large number of personal BSF 
tests would be required to generate the milligram quantities of sample material necessary 
for, say, 13C-NMR analysis. This process may take many weeks as the testing program 
is performed intermittently. Pooling of samples for subsequent work should proceed, 
however, as results from recently published work may be applicable to this BSF 
material. Some of this research and its impact on the unidentified portion of the BSF 
residue is briefly described below.
(a) The material is known to be soluble in benzene but insoluble in n-hexane. It thus 
satisfies the definition of "asphaltenic" material (Berkowitz, 1985). Coal 
asphaltenes have been summarised by Speight (1983) as having an atomic H/C 
ratio of 0.94 and an average molecular weight of 726.
(b) Recent work (Greenwood et al., 1990a) using the technique of laser ablation 
Fourier transform mass spectrometry has studied high molecular weight "carbon
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clusters” adsorbed on the surface of New South Wales coals, including Bulli 
seam coal which is used at Port Kembla. Clusters containing either 60 or 70 
carbon atoms were evolved readily from these coals under the experimental 
conditions. These clusters have molecular weights similar to the asphaltenes, 
described above, and greater than 600 daltons. The unidentified substance in 
BSF residues also has a MW which is greater than 600 daltons.
(c) There is much current interest in the "fullerenes", forms of carbon containing, 
usually, 60 or 70 carbon atoms arranged spherically (Kroto, 1988; Baggot, 
1991). These carbon clusters are soluble in benzene, producing a red solution. 
BSF solutions are also reddish in colour, whereas measureable PAH dissolve in 
benzene to give yellow solutions.
Broad similarities have been observed between the high-mass portion of BSF residues 
and the fullerenes. They have the same solubility in organic solvents, producing the 
same colour of solution. Molecular weights of both species are higher than 600. There 
is a suggestion that fullerenes may be found in the adsorbed state on the surface of coal 
(Greenwood et al., 1991b). Similarities exist, also, between this unidentified material 
and asphaltenes, including molecular weight, solubility and chromatographic behaviour. 
These similarities need to be explored and indicate a direction for future research into the 
nature of coke oven emissions. Pooling of BSF residues will generate sufficient material 
for 13C-NMR and laser ablation Fourier transform mass spectrometry to study the 
structure of the high MW component of these residues. Because accumulation of the 
sample material will take some time, this work will be reported at a later date.
It has been shown that the amount of unidentified material may be measured conveniently 
by Iatrascan. This analysis should be carried out routinely to build up a database of 
ratios between the analysis of coke oven emissions for PAH and BSF results to find a 
common mathematical factor between them.
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11. Application of the sample device to other industries
Samplers were sent to different locations to test the application of this type of device to 
the sampling of industrial atmospheres which may contain PAH. Samples were collected 
at another coke oven plant, an aluminium refinery and an oil refinery. The 13 mm 
diameter, single inlet sampler was used for these samples because the 7-hole samplers 
had not been constructed at that time. Behaviour of the smaller device in these trials was 
instrumental in development of the 25 mm diameter sampler using a 7-hole inlet. Finally, 
the 7-hole sampler was used to collect environmental tobacco smoke. Each of these 
sampling exercises is summarised below.
11.1 Coke oven emissions - Alternate coking plant
Two samples were collected on top of the N o .la  battery at BHP Long Products division, 
Whyalla, South Australia. At the time of sampling, there was a considerable problem 
with fume leakage through the oven brickwork. One of the sample devices blocked early 
in the planned sampling time and the result from this sample was discarded. The 
blockage was due to overloading of the small filter and was typical o f flow problems 
which forced a re-assessment of the filter size for the final design. The result of analysis 
of the remaining sample is summarised in Table IL L
The Whyalla result was correlated with values from Port Kembla by comparison with one 
of the 7-hole sampler analyses, as these were also collected in a fume emission source. 
There was a high BTX component in the analysis from Whyalla, which depressed the 
relative percentage of PAH compounds. When only the PAH were considered {Table 
17.7), a closer correlation was obtained between analysis from each plant, results being 
within the range of all results obtained at Port Kembla. GC-MS analysis of extracts from 
the Whyalla samples found no compounds additional to those identified in Port Kembla
emissions.
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The results o f the Whyalla samples indicate that the composition of PAH in coke oven 
emissions may follow a fixed pattern, independently of plant design and coal source. 
Sampling at each coke plant would have to be carried out to generate the actual 
percentages for the 99 components identified and the new sampling device provides a 
rapid and convenient method for achieving this characterisation. Using this device, a 
routine programme for monitoring employee exposure to coke oven emissions at any 
plant should be relatively easy to set up and maintain.
W hyalla Port K em bla
N o. C om pound % o f % o f % o f % o f
Total T otal T ota l T ota l
PA H PA H
1 C 6+  aliphatics 1.61 3.10
2 benzene 32.7 13.3
3 to luene 11.7 11.8
4 ethy lbenzene 0.73 0.51
5 p-xy lene , m -xylene 10.2 4.93
6 sty rene 0.55 0.60
7 o-xy lene 1.19 0.76
8 n-p ropy lbenzene 0.90 0.46
9 m esity lene 1.05 0.57
10 benzon itrile 0.41 0.02
11 pseudocum ene 0.79 0.50
12 pheno l 1.47 0.45
13 benzofuran 0.23 0.12
14 indan 0.23 0.15
15 indenc 4.08 2.16
16 cresols 0.64 0.37
17 xylenols 0.26 0.13
18 m ethylindenes 0.23 0.61
19 naph thalene 9.83 31.6 14.9 25.1
20 benzo(b)th iophene 0.11 0.36 0.21 0.35
21 o ther a lky lated  benzenes 1.05 3.39 0.38 0.63
22 2-m ethy lnaph thalene 1.84 5.91 3.49 5.88
23 1 -m ethylnaphlhalcne 1.17 3.75 1.55 2.61
24 m ethylbenzoth iophenes 0.05 0.15 0.25 0.42
25 indole 0.03 0.10 0.02 0.03
26 quino line 0.04 0.14 0.06 0.10
27 biphenyl 0.27 0.86 0.57 0.97
28 dim elhylnaphlhalcncs 2.05 6.60 2.98 5.01
29 acenaphthylene 1.18 3.81 2.68 4.51
30 acenaphthene 0.13 0.41 0.58 0.98
31 m ethylbiphenyls 0.38 1.21 0.46 0.77
32 d ibenzofuran 0.81 2.59 2.16 3.63
33 trim ethylnaphthalenes 0.27 0.87 1.11 1.87
34 fluorene 0.99 3.20 2.73 4.60
35 bcnzindencs (or m e-accnaphthylenes) 0.25 0.80 0.87 1.46
36 m ethyld ibenzofurans 0.12 0.39 0.36 0.61
37 m ethylfluorencs 0.17 0.54 0.48 0.81
38 dim ethyld ibenzofurans 0.17 0.54 0.48 0.81
39 dibenzo th iophene 0.06 0.21 0.25 0.43
40 phenan lh rene 1.51 4.85 4.58 7.70
41 anlliracene 0.36 1.15 1.21 2.03
42 acrid ine 0.04 0.14 0.23 0.38
43 phenan th rid inc 0.01 0.04 0.12 0.21
44 dim ethylfluorenes/trim ethyld ibenzofurans 0.04 0.12 0.19 0.32
45 carbazo le 0.19 0.61 0.63 1.06
46 m ethylphenan/an lhraccncs 0.53 1.71 1.13 1.90
47 4H -cyclopen ta[def]phenan th rene 0.13 0.43 0.34 0.58
48 m etliy lcarbazoles 0.05 0.17 0.06 0.10
49 2-phenylnaphLhalene 0.06 0.20 0.18 0.29
50 m ethylbenzquinolines 0.02 0.06 0.20 0.33
51 dim ethylphen/an thracenes 0.14 0.45 0.61 1.03
Table 11.1 Analysis o f  coke oven em issions from BHP, W hyalla show ing  
a comparison with Port Kembla results
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W hyalla Port K em bla
N o. C om pound % o f % o f % o f % o f
Total T otal T otal T otal
PA H PA H
52 fluoran thene 0.84 2.71 2.40 4.04
53 acephenanlhry lene 0.09 0.30 0.13 0.22
54 phenan  th ro(4 ,5-bed) thiophene 0.03 0.09 0.08 0.13
55 acean thry lene 0.02 0.06 0.03 0.05
56 pyrene 0.49 1.59 1.36 2.29
57 m ethylpheny lnaph thalene 0.06 0.18 0.08 0.14
58 benzonaphthofurans 0.07 0.23 0.15 0.25
59 azafluoran thene/azapyrene 0.01 0.04 0.01 0.02
60 4H -bcnzo(dcf)carbazo lc 0.04 0.14 0.09 0.15
61 benzo(a)fluorene 0.40 1.28 0.49 0.82
62 benzo(b)fluorene 0.32 1.04 0.40 0.67
63 m ethylfluoran thenes 0.08 0.25 0.12 0.20
64 m ethylpyrenes 0.10 0.31 ' 0.16 0.27
65 m ethylbenzfluorenes/d im e-fluor/pyrenes 0.13 0.43 0.29 0.48
66 benzo(b )naph tlio (2 ,l-d )th iophene 0.12 0.39 0.23 0.39
67 benzo(ghi)fluoran thene 0.03 0.09 0.04 0.07
68 benzo(c)phenanthrene 0.03 0.10 0.09 0.14
69 benz(c)acridene 0.05 0.15 0.10 0.17
70 benzo(b )naph tho(l ,2-d)th iophene 0.01 0.02 0.02 0.03
71 benzo(b)naphtho(2 ,3-d)th iophene 0.01 0.05 0.06 0.10
72 cyclopenta(cd)pyrene 0.04 0.14 0.05 0.08
73 bcnz(a)an thracene 0.50 1.62 0.77 1.29
74 chrysene +  triphenylcne 0.53 1.70 0.79 1.32
75 benzocarbazoles 0.20 0.65 0.35 0.59
76 naphthoquino lines 0.04 0.12 0.03 0.06
77 naph thacene 0.01 0.05 0.01 0.02
78 benzan throne 0.04 0.13 0.07 0.12
79 m cthylchryscncs (etc.) 0.07 0.21 0.29 0.48
80 4H -cyclopenta(def)chrysene isom ers 0.11 0.36 0.23 0.38
81 binaphlhy ls 0.04 0.12 0.06 0.10
82 benzo(b)fluoran lhene 0.34 1.08 0.70 1.18
83 B (j)F  +  B (k)F 0.31 0.99 0.56 0.94
84 benzo(a) fluoran thene 0.09 0.30 0.14 0.23
85 m ethylbinaphthyls 0.02 0.07 0.04 0.07
86 benzo(e)pyrene 0.21 0.68 0.41 0.69
87 benzo(a)pyrene 0.33 1.05 0.47 0.80
88 pery lene 0.06 0.19 0.08 0.13
89 m ethylbenzfluoran tenes /  -benzpyrenes 0.17 0.54 0.21 0.35
90 indeno (7 ,1 ,2 ,3-cdef)clirysene 0.02 0.06 0.04 0.06
91 dibenz(a,j)an th racene 0.03 0.10 0.08 0.14
92 indeno (l ,2 ,3-cd)pyrene 0.18 0.57 0.38 0.64
93 dibenz(a,h)an thracene 0.08 0.25 0.13 0.22
94 benzo(b)clirysene 0.05 0.15 0.10 0.17
95 p icene 0.02 0.07 0.04 0.07
96 benzo(gh  i)pery 1 ene 0.19 0.63 0.35 0.59
97 anthantlirene 0.06 0.18 0.10 0.17
98 coronene 0.01 0.03 0.03 0.05
99 total M W  302 0.36 1.16 0.55 0.93
T otal percen tage 100.0 100.0 100.0 100.0
Table 11.1 (cont.) A nalysis o f  coke oven em issions from BHP, W hyalla showing
a comparison with Port Kembla results
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11 .2  Aluminium refinery
Aluminium is produced by the electrolysis of bauxite (AI2O3) dissolved in a fused bath of 
cryolite (AIF3 and NaF). The electrolysis is carried out in a carbon lined steel shell, 
normally referred to as a "pot", in which the floor is made the cathode. The anode 
consists of carbon blocks suspended in the molten bath from above. The refining process 
is carried out in the "pot-room". The carbon lining of the pot is composed of blocks of a 
mixture of calcined anthracite and graphite. Gaps between these blocks are filled with a 
carbon based binder made from anthracite, graphite and a distilled coal tar consisting 
largely of naphthalene, methylnaphthalenes and some 3-ring PAH. Placement of the 
blocks and binder is a manual operation.
Four samples were collected in the pot-room of Alcan’s aluminium refinery at Kurri 
Kurri, NSW. Two static and two personal samples were taken during the operation of 
lining the pot with carbon. Table 11.2 shows the 99-component analysis of the four 
samples. The chromatograms of all extracts showed the absence of non-aromatic 
compounds other than the short chain aliphatics previously identified in coke oven 
samples. Each of the four samples was similar in overall composition (Table 11.2) with 
the naphthalenes constituting over 75% of the total. The total mass recovered from each 
sampler was similar (approximately 0.5 mg), with the exception of one personal sampler, 
from which over 1 milligram of organic matter was recovered, including 760 |ig  of 
naphthalene. Interestingly, acenaphthene was present in these compounds as a major 
component while only a trace of acenaphthylene was found. The reverse is true in coke 
oven emissions. Other hydrogenated compounds, indan and biphenyl, were also present 
in higher concentration in the pot-room samples than in coke oven samples. This 
observation may be of value in establishing the source of airborne emissions.
If sampling of emissions in the pot-room had been performed by the OSHA procedure 
(BSF analysis), the presence of the naphthalene compounds would have been overlooked 
as these compounds are too volatile to be retained by a filter. An adequate analysis of
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these emissions would be achieved by the NIOSH method, using a filter and XAD-2 
packed tube for sampling. The new sampling device, however, offers the opportunity to 
measure volatile mono-aromatic compounds not trapped by either standard procedure. It 
also has the advantage that semi-volatile PAH will not condense on internal surfaces as is 
likely in standard devices. This sampler is more compact and robust than a NIOSH 
sampler, which consists of a filter with an adsorbent tube attached to the filter cassette by 
plastic tubing.
182
Static
Samples
Personal
Samples
No.
No.l No.2 No.l No.2 Mean S.D.
Compound %of
Total
%of
Total
%of
Total
%of
Total
%of
Total
%
1 C6+ aliphalics 0.38 0.76 0.25 0.05 0.36 0.30
2 benzene 0.00 0.00 0.00 0.00 0.00 0.00
3 toluene 0.42 0.50 0.61 0.33 0.47 0.12
4 ethylbenzene 0.08 0.06 0.06 0.11 0.08 0.02
5 p-xylene, m-xylene 0.52 0.55 0.55 0.59 0.55 0.03
6 styrene .. 0.08 0.11 0.10 0.08 0.09 0.01
7 o-xylene 0.18 0.20 0.22 0.18 0.19 0.02
8 n-propylbenzene 0.09 0.11 0.10 0.10 0.10 0.01
9 mesitylene 0.27 0.23 0.22 0.28 0.25 0.03
10 benzonitrile 0.23 0.15 0.17 0.04 0.15 0.08
11 pseudocumene 0.40 0.26 0.28 0.18 0.28 0.09
12 phenol 0.87 0.39 1.08 0.41 0.69 0.34
13 benzofuran 0.05 0.06 0.02 - 0.01 0.04 0.02
14 indan 0.55 0.51 0.65 0.65 0.59 0.07
15 indenc 2.45 2.67 3.25 3.64 3.00 0.54
16 cresols 0.26 0.24 0.88 0.82 0.55 0.35
17 xylenols 0.13 0.11 0.20 0.16 0.15 0.04
18 methylindenes 0.13 0.10 0.18 0.12 0.13 0.03
19 naphthalene 67.1 58.6 57.0 69.0 62.9 6.00
20 benzo(b)thiophene 1.51 0.85 1.23 1.67 1.31 0.36
21 other alkylated benzenes 0.58 0.44 0.87 0.51 0.60 0.19
22 2-methylnaphthalene 8.43 14.2 13.3 7.61 10.9 3.36
23 1 -methylnaphthalene 3.30 5.37 4.80 2.91 4.09 1.18
24 methylbenzothiophenes 0.09 0.13 0.34 0.13 0.17 0.11
25 indole 0.00 0.00 0.00 0.00 0.00 0.00
26 quinoline 0.00 0.07 0.93 0.54 0.38 0.44
27 biphenyl 1.36 2.05 1.91 1.23 1.64 0.40
28 dimethylnaphthalenes ' 1.90 2.58 2.35 1.30 2.03 0.57
29 acenaphthylene 0.09 0.19 0.17 0.10 0.14 0.05
30 acenaphthene 1.85 2.14 2.01 1.36 1.84 0.34
31 methylbiphenyls 0.43 0.35 0.48 0.29 0.39 0.08
32 dibenzofuran 1.65 1.72 1.67 1.46 1.63 0.12
33 trimethylnaphthalenes 0.12 0.09 0.06 0.06 0.08 0.03
34 fluorene • 1.70 1.39 1.34 1.12 1.39 0.24
35 benzindenes (or me-acenaphthylenes) 0.14 0.06 0.08 0.25 0.13 0.09
36 methyldibenzofurans 0.05 0.05 0.07 0.07 0.06 0.01
37 methylfluorenes 0.03 0.05 0.01 0.02 0.03 0.02
38 dimethyldibenzofurans 0.03 0.05 0.01 0.02 0.03 0.02
39 dibenzothiophene 0.07 0.02 0.02 0.08 0.05 0.03
40 phenanthrene 1.42 0.91 0.93 1.00 1.07 0.24
41 anthracene 0.10 0.13 0.09 0.18 0.13 0.04
42 acridine 0.02 0.02 0.02 0.03 0.03 0.00
43 phenanlhridine 0.02 0.01 0.01 0.00 0.01 0.00
44 dimethylfluorenes/trimethyldibenzofurani 0.01 0.00 0.01 0.01 0.01 0.01
45 carbazole 0.05 0.05 0.04 0.03 0.04 0.01
46 methylphenan/anthracenes 0.05 0.11 0.08 0.05 0.07 0.03
47 4H-cyclopenta[def]phenanthrene 0.01 0.04 0.02 0.02 0.02 0.01
48 methylcarbazoles 0.01 0.01 0.01 0.01 0.01 0.00
49 2-phenylnaphthalene 0.00 0.00 0.02 0.01 0.01 0.01
50 methylbenzquinolines 0.00 0.00 0.01 0.01 0.00 0.00
51 dimethylphen/anthracenes 0.00 0.01 0.04 0.01 0.02 0.01
Table 11.2 Analysis o f aromatic compounds in pot-room air samples
from an aluminium refinery
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Static Personal
Samples Samples
No.
No.l No .2 No.l No.2 Mean S.D.
Compound %of %of %of %of %of %
Total Total Total Total Total
52 fluoranthene 0.22 0.16 0.31 0.23 0.23 0.06
53 acephenanthrylene 0.00 0.00 0.00 0.01 0.00 0.00
54 phenanthro(4,5 -bcd)thiophene 0.00 0.00 0.00 0.01 0.00 0.00
55 aceanthrylene 0.00 0.00 0.00 0.00 0.00 0.00
56 pyrene 0.15 0.10 0.19 0.14 0.14 0.04
57 methylphenylnaphthalene 0.00 0.00 0.00 0.01 0.01 0.01
58 benzonaphthofurans 0.00 0.02 0.01 0.01 0.01 0.01
59 azafluoranthene/azap yrene 0.00 0.01 0.00 0.00 0.00 0.00
60 4H-benzo(def)carbazole 0.01 0.02 0.03 0.01 0.02 0.01
61 benzo(a)fluorene 0.01 0.02 0.01 0.02 0.02 0.00
62 benzo(b)fluorene 0.02 0.03 0.03 0.03 0.03 0.01
63 methylfluoranthenes 0.01 0.00 0.00 0.00 0.00 0.00
64 methylpyrenes 0.01 0.00 0.01 ~ 0.00 0.01 0.00
65 mcthy lbcnzfl uorcncs/d i mc-fl uor/pyrcncs 0.00 0.01 0.01 0.01 0.01 0.00
66 benzo(b)naphtho(2,l-d)thipohene 0.01 0.02 0.01 0.01 0.01 0.00
67 benzo(ghi)fluoranthene 0.00 0.00 0.00 0.00 0.00 0.00
68 benzo(c)phenanthrene 0.00 0.00 0.00 0.00 0.00 0.00
69 benz(c)acridene 0.01 0.01 0.01 0.01 0.01 0.00
70 benzo(b)naphtho( 1,2-d)thipohene 0.00 0.00 0.00 0.00 0.00 0.00
71 benzo(b)naphtho(2,3-d)thipohene 0.00 0.00 0.00 0.00 0.00 0.00
72 cyclopenta(cd)pyrene 0.00 0.00 0.00 0.00 0.00 0.00
73 benz(a) an Lhraccnc 0.04 0.09 0.06 0.10 0.08 0.03
74 chrysene + triphenylene 0.06 0.12 0.08 0.12 0.09 0.03
75 benzocarbazoles 0.00 0.02 0.01 0.01 0.01 0.01
76 naphthoquinolines 0.00 0.00 0.01 0.01 0.01 0.01
77 naphthacene 0.00 0.02 0.00 0.00 0.01 0.01
78 benzan throne 0.00 0.00 0.00 0.00 0.00 0.00
79 methylchryscncs (clc.)- 0.00 0.01 0.00 0.00 0.01 0.00
80 4H-cyclopenta(def)clirysene (etc) 0.01 0.02 0.01 0.01 0.01 0.00
81 binaphthyls 0.00 0.00 0.00 0.00 0.00 0.00
82 benzo(b)fluoranthene 0.03 0.13 0.07 0.07 0.07 0.04
83 B(j)F + B(k)F 0.03 0.06 0.05 0.09 0.06 0.02
84 benzo(a)fluoranthene 0.00 0.02 0.01 0.01 0.01 0.01
85 methylbinaphthyls • 0.00 0.01 0.01 0.00 0.00 0.00
86 benzo(e)pyrene 0.02 0.06 0.05 0.05 0.05 0.02
87 benzo(a)pyrene 0.02 0.07 0.05 0.06 0.05 0.02
88 perylene 0.00 0.02 0.01 0.01 0.01 0.01
89 methylbenzfluorantenes / -benzpyrenes 0.00 0.03 0.01 0.01 0.01 0.01
90 indeno(7,1,2,3-cdef)chrysene 0.00 0.01 0.00 0.00 0.00 0.00
91 dibenz(a,j)anthracene 0.00 0.01 0.00 0.00 0.00 0.00
92 indeno(l,2,3-cd)pyrene 0.02 0.04 0.03 0.03 0.03 0.01
93 dibenz(a,h)anthracene 0.00 0.00 0.01 0.01 0.01 0.00
94 benzo(b)chrysene 0.00 0.01 0.00 0.00 0.00 0.00
95 picene 0.00 0.00 0.00 0.00 0.00 0.00
96 benzo(ghi)perylene 0.01 0.04 0.03 0.03 0.03 0.01
97 anthanthrene 0.00 0.01 0.00 0.00 0.00 0.00
98 coronene 0.00 0.01 0.00 0.00 0.00 0.00
99 total MW 302 0.00 0.03 0.02 0.02 0.02 0.01
Total percentages 100.0 100.0 100.0 100.0 100.0
T able 11.2 (cont.) Analysis o f aromatic compounds in pot-room air samples
from an aluminium refinery
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1 1 .3  Petroleum refinery
The sampler was used in two areas of Mobil's oil refinery at Altona, Victoria, to test its 
application for the determination of PAH in emissions which contain, predominantly, 
aliphatic material. One of the samples was of fumes leaking from a pump flange during a 
part of the operational process. The other was of fumes being evolved during the loading 
of bitumen tankers.
Both samplers were grossly overloaded with sampled material, in one case (leaking 
flange) causing a blockage which stopped the sample pump. The analytical method using 
this sample device is very sensitive and is suited to the relatively low concentration of 
airborne organics encountered in personal sampling. These samplers were placed directly 
into the fumes to ensure the collection of adequate material for analysis; future use in this 
area would show improved results if the samplers were located further from the source of 
emissions. Results of analysis of the sampler extracts indicate that a sampled mass 
several orders of magnitude lower than actually collected would have been more suitable.
11.3.1 Sample 1 - Leaking flange
In an industrial situation, the occupational hygienist is often called on to monitor 
personnel working in some process operation for exposure to fumes emitted during short 
term equipment failure. In this case, the fumes were emanating from a leaking flange on 
a pump used to transfer a waxy residue. This material consisted of mainly high molecular 
weight n-alkanes (waxes), but there was interest in a possible PAH contribution. The 
Graphtrap-based sample device was used for sampling to test its performance, and that of 
the GC analytical procedure, in determining PAH in a paraffinic matrix.
Figure 11.1a shows the capillary chromatogram of the waxy material passing through the 
leaking pump. Chromatograms of both the Graphtrap GB and filter sections were almost 
identical to Figure 11.1a, because sampler overloading caused an even distribution 
between these sections. However, peaks in the chromatogram of the charcoal extract
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Figure 11.1 Capillary chromatogram of samples from an oil refinery
(a) waxy residue passing through leaking pump
(b) extract from charcoal section of the sampler
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(Figure 11.1b) were identified as mainly Ci - C3 substituted mono-aromatic compounds, 
components which were present in only trace proportions in the waxy residue. The 
source of these compounds may be elsewhere in the plant. The presence of large 
amounts of volatile aromatic compounds, including benzene, in air at the sampling site 
further highlights the value of a three-stage sampling device. Sampling in this way may 
lead to identification of health hazards not previously recognised. This recognition would 
not be derived from standard procedures.
A pattern in the fine structure of minor peaks was observed in Figure 11.1a which was 
similar to the methylated-PAH peak pattern found in chromatograms of coke oven 
emission samples. GC-MS analysis of the filter extract confirmed the presence of 3- and 
4-ring PAH and their alkyl-substituted homologues. The group of peaks labelled "PAH" 
in Figure 11.1a represents methylphenanthrenes and the ratio and number of isomers is 
comparable to methylphenanthrenes in coke oven emission samples. Major peaks in this 
chromatogram are n-alkanes, eicosane being labelled as a guide to the carbon number of 
each peak. The small peaks surrounding the n-C20 peak are dimethylphenanthrenes, also 
found in coke oven emissions. By integrating the area of the peaks in its chromatogram, 
it was found that 15% to 20% of the mass of the material being sampled consisted of 
PAH. Peak-pattern recognition is a useful qualitative tool for initial peak identification. It 
is made simpler when using the 3-stage sampling device because the chromatogram from 
each stage is less complex than an overall chromatogram of the total material.
11.3.2 Sample 2 - Bitumen loading
This sample was collected by placing the sampler in the outlets of the emission control 
system at the tanker loading site. Because loading of tankers is a brief operation, samples 
from three tankers were collected using one sampler. Figure 11.2 shows the gas 
chromatograms obtained from extracts of the three sampler sections. A sample of the 
bitumen being loaded was also examined by GC, but no lower MW n-alkanes than 
eicosane (C20) were found. However, the analysis of vapours evolved during loading
Figure 11.2 Capillary chromatograms of vapours evolved during loading 
of bitumen tankers at Mobil, Altona 
(a) charcoal extract (b) Graphtrap GB extract (c) filter extract
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showed the presence of n-alkanes in the series from n-hexane to n-triacontane (C6 - C30). 
The peak for n-C2o is labelled as a guide to the carbon number of other n-alkane peaks in 
the series. Good fractionation occurred throughout the sampler, as expected, but 
considerable breakthrough from the Graphtrap GB section to charcoal was found, 
because of the high loading. The PAH peak pattern observed in the chromatogram from 
the leaking flange vapours (Figure 11.1a) was not evident in this sample, suggesting that 
PAH compounds were absent. The filter extract was analysed by GC-MS. Trace 
amounts of alkyl-substituted naphthalenes and fluorenes were detected, but no higher 
MW PAH.
Although the chromatogram of the charcoal extract (Figure 11.2a) shows an homologous 
n-alkane series as major peaks, the presence of minor amounts of aromatic compounds 
was confirmed by GC-MS. Alkylbenzenes, with side chains of up to 5-carbons, were 
found along with naphthalene and methylnaphthalenes. The PAH found in the filter 
extract were members of the series found in this charcoal extract. It was possible that 
these aromatic compounds originated from some other area of the refinery. Observation 
of the chromatograms obtained from this exercise indicated correctly the absence of high 
molecular weight PAH.
Both of these samples highlighted the value of sampling in a way which traps volatile 
compounds, identifying hazards not indicated by standard procedures. In the analytical 
procedure used for this work, very little overlap of peaks from aliphatic and polycyclic 
aromatic compounds occurred. By employing a peak pattern recognition method and a 
multi-stage sampling technique, rapid qualitative estimation of the presence of PAH in 
aliphatic matrices may be made. Use of this sampler provides a possible solution to a 
complex analytical problem which is the measurement of PAH in oil refinery atmospheres
and products.
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1 1 .4  Environmental tobacco smoke
Environmental tobacco smoke (ETS) is a major contributor to PAH levels in indoor air 
and at least one study (Chuang et al., 1990) has been undertaken to measure PAH and 
volatile compounds by an adsorbent sampling technique. In that work, a quartz fibre 
filter was used in conjunction with an XAD-4 filled adsorbent section to collect nicotine, 
naphthalene and other PAH. The device used a sample flowrate of 230 L min-1, a filter 
diameter of 104 mm and an adsorbent bed of 50 mm depth in a 65 mm diameter tube. 
Samples were collected for 24 hours. A smaller sampler allowing minute quantities of 
extraction solvent may be able to maintain the sensitivity of the above technique. The 7- 
hole sampler was used in an experiment to sample ETS and to compare results with the 
above study.
ETS was generated by burning 20 cigarettes (Winfield -1 2  mg tar) down to their filter 
tips. Sampling was carried out for 3 hours at 2 L min-1 with the inlets of two samplers 
placed 1 m from the clamp holding the burning cigarettes. The sampling experiment was 
performed in a small room (3 m by 2 m) to ensure a high enough concentration of ETS 
compounds in the air for detection and identification. Estimation of detection limits for 
this application was a secondary concern.
Recovery of compounds from the three sections of the sampler was performed by CS2 
extraction. The GC analysis of the filter extract resulted in a complex chromatogram, the 
major components of which were long-chain alkenes and alkanes. A small amount of 
nicotine was recovered from the filter. Trace amounts of PAH were found in the 
solution, ranging from phenanthrene and anthracene (MW 178) to MW 252 compounds, 
the group which includes benzo(a)pyrene.
Quantitation o f this extract was not carried out because of interference in the 
chromatogram caused by compounds, possible plasticizers, extracted from the filter 
membrane. Peaks due to material extracted from the Teflon filter had been observed in
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earlier work, but were only small because of the very small size of the filter (13 mm 
diameter). However, in this experiment a much larger filter was used (the 25 mm 
diameter Teflon membrane from a 7-hole sampler), allowing extraction of a much greater 
amount of contaminants. Consideration should be given to the use of glass fibre filters, 
which were found to be free of extractable matter, whenever concentration of the filter 
extract is required for analysis.
Figure 11.3 Gas chromatogram of Graphtrap GB fraction of ETS sample -
ethyl acetate solution
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The analysis of the Graphtrap GB extract showed the presence of a large mass of C7 - C9 
mono-aromatic compounds. A major single component in this extract was identified as 
limonene, which was probably a flavour additive in the cigarette. The charcoal extract 
contained a high concentration of benzene and toluene. Lesser amounts of Cs aromatics 
were found, the distribution of these compounds between Graphtrap and charcoal being 
similar to that found in samples of coke oven emissions.
Very little nicotine was recovered by CS2 extraction of Graphtrap. Other work on ETS, 
e.g., by Chuang et al., (1990), has indicated that nicotine is too volatile to be retained by 
a filter and will be recovered from the adsorbent back-up trap. The very small nicotine 
peak in the chromatogram of the Graphtrap extract indicated that carbon disulphide is a 
poor solvent for recovery of that compound. The graphitised carbon section from the 
second sample was extracted with ethyl acetate and a large peak for nicotine was found in 
the chromatogram. Peaks for the mono-aromatics and limonene were unchanged from 
the previous sample. The recovery efficiency of ethyl acetate for nicotine from Graphtrap 
GB was not determined, but is quoted as 100% for nicotine from XAD-4 (Chuang et al., 
1990). Figure 11.3 shows the chromatogram of the graphitised carbon extract using 
ethyl acetate, identifications of the main peaks being included with the figure.
The work on ETS allowed an estimate of relative amounts of the major organic 
constituents to be made. This estimate is shown graphically in Figure 11.4, for each 
compound or group identified, as relative percentages of the total measured material.
1 1 .5  Application of the sample device to other industries - Summary
Use of the new sampler in applications other than coke ovens has shown that this device 
may be practical for personal sampling in many industries where emission of organic 
compounds is monitored. The capability of trapping volatile compounds was shown to 
be useful for identifying health hazards which may not be detected by standard 
procedures. The 3-stage system was able to simplify the analysis of complex mixtures by
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Figure 11.4 Main organic constituent groups of ETS - Relative percentage
sub-division into smaller fractions based on volatility. The device was promising as a 
tool for characterising emissions, evolved during a variety of industrial processes, before 
undertaking routine monitoring of exposure. Finally, although more work is required to 
establish recovery of some compounds, such as nicotine, and the level of detection of 
compounds in the air, the new sampler may prove successful for the sampling of ETS,
should the need arise.
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12. Stability of PAH compounds
Standard procedures always urge care in the transport and storage of samples containing 
PAH because of reactions in the presence of light and air, which may cause formation of 
artifacts and errors in the determination of PAH concentrations. Standard procedures also 
recommend relatively short-term storage of calibration mixtures in solution. A draft 
Australian Standard for measurement of PAH in air (Draft No. CH/19/88-5) 
recommended discarding of the bulk PAH reference solution after 3 months, the 
recommendation being based on an ad hoc interpretation of literature reports. As the cost 
of this solution was more than two thousand dollars in pure PAH compounds, a more 
sound understanding of the usable life of calibration mixtures in solution is required.
A review of the literature on reaction between PAH and airborne oxidative pollutants 
indicated that, in the main, loss of PAH after sampling was caused by reaction with 
ozone, forming quinones. During the course of this project, several opportunities arose 
for quantitative assessment of the reactions undergone by PAH on long-term storage in 
solution. From this work, understanding of the longevity of reference solutions was 
gained, together with the knowledge of which are the most reactive PAH compounds.
1 2 .1  PAH mixtures - 5 year storage
A series of PAH mixtures which had been prepared in 1985 for another project at the 
University of Wollongong were re-analysed after 5 years storage. The solutions were 
kept in sealed vials in the dark, but without refrigeration. The original solutions had been 
prepared in benzene and were diluted with CS2 for analysis by GC. The results of the 
analysis of each mixture is shown in Table 12.1. The concentration of each component is 
expressed as an amount relative to one PAH compound in the mix which was assumed to 
be stable. For example, in solution A the concentration of each component is shown at 
the time of preparation of the mixture and after 5 years using the amount of phenanthrene 
as the base figure, expressing its concentration as unity. The base component in solution
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B was fluoranthene, pyrene was chosen in solution C and benz(a)fluorene in solution D. 
Each of these compounds is unlikely to be lost by evaporation from solution and none has 
been reported as forming artifacts when exposed to ozone. Compounds in these mixtures 
were not affected by evaporation as shown by the stability of volatile mono-aromatic 
compounds (trimethylbenzenes) in solutions C and D.
From the data in Table 12.1, the only PAH to exhibit significant loss on long term storage 
were the linear ortho-fused compounds, pentacene, naphthacene and anthracene. 
Pentacene and naphthacene are known to be highly reactive to air in the presence of light, 
forming peroxides and quinones (Fieser and Fieser, 1956). Anthracene, too, is reactive 
to air in the 9 or 10 position; more so than PAH with an angular structure, e.g., 
phenanthrene. In solution B, a 75% loss of anthracene was observed but a large peak for 
anthrone (Figure 12.1) was found.
O
Figure 12.1 Anthrone
When pure naphthacene was dissolved in CS2 , an orange solution was obtained which 
became colourless after just a few minutes standing. GC-MS analysis of the final 
solution showed strong peaks for masses of 244 and 258 representing naphthacene-5-one 
and naphthacene-5,12-dione respectively. Although the oxidation of naphthacene and 
pentacene is rapid in solution, anthracene is converted to anthrone far more slowly. 
Solutions of coke oven emission extracts showed a loss of approximately 30% of the 
original concentration of anthracene on standing for 24 hours.
Other compounds to show a measurable loss on long term standing were acenaphthylene 
(solution A), 1 -methylphenanthrene (solution B), carbazole and triphenylbenzene
Table 12.1 Stability of PAH on storage of solutions for 5 years
Nominal Actual
Solution A concentration concentration
relative to relative to
phenanthrene phenanthrene
naphthalene 2.87 3.05
acenaphthylene 1.35 0.96
phenanthrene 1.00 1.00
o-diphenylbenzene 2.51 2.85
benz(a)anthracene 0.81 0.78
chrysene 2.41 3.52
benzo(a)pyrene 2.05 1.90
pentacene 0.86 0.00
Nominal Actual
Solution B concentration concentration
relative to relative to
fluoranthene fluoranthene
biphenyl 1.05 0.93
2,3-dimethylnaphthalene 0.65 0.62
anthracene 1.07 0.26
1 -methy lphenanthrene 1.01 0.76
fluoranthene 1.00 1.00
triphenylene 0.98 1.09
benzo(e)pyrene 1.35 1.25
dibenz(a,c)anthracene 0.49 0.65
Nominal Actual
Solution C concentration concentration
relative to relative to
pyrene pyrene
1,3,4-trimethy lbenzene 5.33 5.07
1,2-dimethylnaphthalene 2.39 2.35
fluorene 0.99 0.94
carbazole 0.70 0.56
pyrene 1.00 1.00
naphthacene 1.19 0.04
1,3,5 -tripheny lbenzene 0.63 0.43
benzo(j)fluoranthene 1.05 0.92
benzo(ghi)perylene 1.61 1.65
Nominal Actual
Solution D concentration concentration
relative to relative to
benz(a)fluorene benz(a)fluorene
1,2,4-trimethy lbenzene 2.54 2.38
1,3-dimethylnaphthalene 2.18 2.80
9-fluorenone 1.25 1.16
benz(a)fluorene 1.00 1.00
benzo(k)fluoranthene 1.22 1.28
perylene
coronene
1.33
1.03
1.29
1.08
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(solution C). With the exception of triphenylbenzene, which was never found in coke 
oven emissions, loss of these compounds was never observed on standing of coke oven 
emission samples. The other PAH may be assumed to be stable.
1 2 .2  PAH calibration solutions
Mixtures of reference mono-aromatics and PAH were prepared at different times 
throughout the project. One standard solution, using benzene as solvent, which was 
prepared in April, 1989, was kept in a capped flask, wrapped in foil. The solution was 
not refrigerated. Table 12.2 lists the original composition of the mixture and its analysis 
in July, 1991. A figure representing the percent change during the two years is also 
shown. Anthracene and acridine, both linear PAH, exhibited the major loss (14.6% and 
6.9% respectively), while most other compounds remained at the original concentration. 
Acenaphthylene and carbazole did not show any loss, indicating that observed losses for 
these compounds in the five-year study may have been an experimental error.
Table 12.2 Stability of PAH calibration mixture
Compound Original Final Change Compound Original Final Change
Cone. Cone. (%) Cone. Cone. (%)
m g/ m g/ m g/ m g/
lOOmL lOOmL 100mL 100mL
indan 19.3 19.9 3.1 carbazole 45.6 46.3 1.5
indene 96.6 93.0 -3.7 fluoranthene 90.9 88.8 -2.3
tetralin 48.5 47.5 -2.1 pyrene 97.0 94.6 -2.5
naphthalene 100.0 102.1 2.1 1,2-benzfluorene 14.0 13.2 -5.7
2-methylnaphthalene 91.5 93.3 2.0 2,3-benzfluorene 5.0 5.0 0.0
1 -methylnaphthalene 49.4 50.4 2.0 benz(a)anthracene 40.0 40.0 0.0
acenaphthylene 83.6 85.4 2.2 chrysene 37.6 35.6 -5.3
acenaphthene 13.0 12.8 -1.5 benzofluoranthenes 28.5 28.3 -0.7
dibenzofuran 45.2 47.5 5.1 benzo(e)pyrene 65.3 62.3 -4.6
fluorene 80.0 77.7 -2.9 benzo(a)pyrene 55.0 51.2 -6.9
phenanthrene 100.0 95.8 -4.2 perylene 9.1 9.1 0.0
anthracene 44.6 38.1 -14.6 dibenz(aji)anthracene 14.8 14.1 -4.7
acridine 11.6 10.8 -6.9 benzo(ghi)perylene 8.9 9.4 5.6
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1 2 .3  Summary
Most PAH encountered in coke oven emissions are quite stable in benzene or CS2 
solution despite concern expressed in standard procedures and literature on PAH 
analysis. The one important exception to this stability of PAH is anthracene, the 
concentration of which can depreciate markedly if solutions are left to stand for more than 
24 hours. Naphthacene and pentacene loss is not of concern in coke oven emission 
analysis as these compounds are present in only trace amounts, indicated by the non­
detection of their quinones in these samples.
198
13. Biological monitoring for PAH exposure
Coke workers are highly exposed to PAH which are released in fumes from the coke 
ovens. In addition to personal monitoring of the degree of exposure to these fumes, 
methods of estimating the actual absorption of PAH compounds into the body are being 
studied. Early work in finding a biological indicator of exposure centered on the 
dihydrodiol metabolites of BaP, which are precursors of the secondary metabolism to the 
carcinogenic BaP-7,8-diol-9,10-epoxide (Thakker et al., 1979). However, more recent 
research has been directed towards determination of 1-hydroxypyrene, a urinary 
metabolite of pyrene. Formation of this substance has been related to exposure to PAH in 
several occupational areas, including operations involving coal-tar derived road tars 
(Jongeneelen et al., 1988) and coke oven emissions (Jongeneelen et al., 1990). Pyrene 
has been shown to be a major component of coke oven emissions and, because of its 
abundance, can be determined more accurately by GC than BaP. A metabolite of pyrene 
makes a logical choice for a biological indicator of the internal dose of PAH as its 
measurement can be related to the parent compound and total PAH with more precision 
than a BaP metabolite. The BHP Environmental Health department has embarked on a 
program of monitoring this substance in its coke plant workers. The work of this project 
has shown, however, that precautions are required when deciding on the method for 
sampling coke oven emissions prior to analysis of pyrene.
The urinary concentration of 1-hydroxypyrene cannot be related directly to BSF results, 
nor can it be related to pyrene analysis where samples were collected by the OSHA 
procedure (filter only). When coke oven emissions were sampled with the use of a back­
up adsorbent trap, it was shown that most of the mass of semi-volatile PAH, including 
pyrene, was recovered from the back-up adsorbent. The amount of these partitioned 
compounds retained by the filter was further shown to be dependent on the overall 
airborne PAH concentration (Figure 9.1). Thus the ratio of BSF to total PAH will vary, 
depending on the total mass which collects on the filter. In coke oven emissions, the
1 9 9
main semi-volatile PAH partitioning between filter and adsorbent were phenanthrene, 
anthracene, fluoranthene and pyrene. As these are major components of coke oven 
emissions, large errors in interpretation of BSF analysis can occur as test results range 
from high to low values.
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Figure 13.1 Distribution of 16 EPA PAH between filter and adsorbent 
(a) High sampler mass loading (b) Low sampler mass loading
The U.S.EPA has designated 16 PAH for analysis in air pollution studies (U.S.EPA, 
1984). Figure 13.1 shows the percentage of each of these compounds retained by the 
filter (and the percentage recovered from the adsorbent) for a highly loaded filter (700 |ig 
total PAH) and one where the amount of PAH sampled was only 160 fig. This 
distribution is particularly significant for coke oven emissions because the components 
which pass through the filter are the most abundant of the 16 PAH compounds. It is also 
significant to work involving pyrene measurement as the amount of pyrene retained 
ranged from 20% to almost 60% when the total PAH increased from 160 |ig to 700 [ig.
2 0 0
Figure 13.2 shows the percentage of the total mass of these compounds recovered from 
each section for both high and low sampler loading. The change on the total mass 
distribution as the filter loading increases is clear from Figure 13.2 and illustrates the non­
linear correlation between BSF and the mass of total PAH. Fluoranthene and pyrene 
have the greatest effect on this non-linearity.
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Figure 13.2 Mass distribution of 16 EPA PAH between filter and adsorbent 
(a) High sampler mass loading (b) Low sampler mass loading
Some of the work performed on measurement of 1-hydroxypyrene in coke oven workers 
has used Teflon filters without back-up for collecting emission samples for pyrene 
analysis (Jongeneelen et al., 1990). That work reported some anomalies in correlation 
between pyrene in the breathing air of workers and their urinary 1-hydroxypyrene. These 
anomalies can be partly explained by considering the pyrene loss during sampling. The 
program of 1-hydroxypyrene measurement at BHP, Port Kembla will be undertaken with 
sample collection by the 7-hole personal sampler developed as a result of this project. 
Use of this device will allow, for the first time, accurate comparison of urinary 1- 
hydroxypyrene and airborne pyrene concentrations.
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14 . C onclusion
This thesis has discussed the development o f  a three component sampler to be used as a 
personal monitor for exposure to coke oven em issions. By evaluating rigorously both 
collection and desorption efficiencies for a suite of reference compounds and for actual coke 
oven em issions, it has been possible to optimise the key design parameters: air flow  rate, 
sampling time, filter diameter, bed volume and type o f adsorbent and sampler dimensions.
The new sampler represents an improvement over existing procedures in a number o f  
respects. Unlike the BSF test, it quantifies the amount o f benzene and other mono-aromatics 
present in coke oven emissions. Since benzene is a known carcinogen, this finding is clearly 
important to occupational health. Furthermore, a simple filter allows a significant portion o f  
the PAH to be lost as a vapour. PAH collected by the OSHA sampling procedure are <25% 
o f all PAH and only 5 - 10% o f measureable organic substances in coke oven emissions. 
Even when the filter is backed up with X A D -2 resin as in the current NIOSH sampling 
procedure, moderately volatile PAH pass through the filter and condense in the void space. 
These compounds cannot be washed out with solvent because o f solvent attack on the 
plastic. The new sampler overcomes these deficiencies by using a solvent-resistant plastic, 
by eliminating voids between the filter and adsorbents and by using a combination o f  
adsorbents which traps all aromatic compounds efficiently while allowing their efficient 
recovery by solvent stripping.
The final version o f the sampler (Figure 14.1) has quick-connect fittings for ease o f  
disassembly and this enables its use in a variety o f ways. It can generate BSF results which 
agree with those from standard procedures (e.g. OSHA). It can replace the NIOSH  
sampling apparatus, being more rugged and compact and having the advantage o f greater 
potential accuracy. Sample extracts can be analysed for a full suite o f volatile and particulate 
organic compounds with high sensitivity due to small extraction volumes. The sampler is 
ideally suited to the monitoring o f personal exposure to coke oven em issions, allowing
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measurement o f  PAH and BTX vapours. The overall size, shape and mass is similar to 
current particle samplers and so should be accepted readily by workers. The sampler meets 
standard requirements o f flowrate for inhalable dust sampling.
In addition to its use for sampling coke oven emissions, it is suitable for measuring PAH  
content o f em issions from aluminium smelters and oil refineries and preliminary results 
indicate it should be suitable for use in sampling environmental tobacco smoke. Thus, with 
appropriate adjustment o f sampling time (to prevent overloading or to allow for very low  
concentrations o f volatile organic compounds), the new sampler should be applicable to a 
wide variety o f  workplace environments. In some cases, it may be necessary to use a 
different solvent or even a displacing compound, to ensure that compounds o f interest are 
fully eluted from the adsorbent(s).
The new sampler will make it possible for the first time to seek a correlation between urinary 
metabolites o f specific PAH and occupational exposure to those PAH. Previous attempts to 
link urinary 1-hydroxypyrene with pyrene, when samples were collected by filter without 
any back-up, have yielded poor correlation. Varying losses o f pyrene from the filter, 
depending on total PAH loadings, may account for this failure.
One question arising from this study which requires further investigation is the discrepancy 
between the BSF determined gravimetrically and the BSF determined by GC. For coke oven 
em issions, the latter was only about 20% o f the gravimetric BSF and, for a given source o f  
em issions, the ratio between the two values may be constant. This discrepancy can be 
attributed to substances which do not give a FID signal (e.g. elemental S) and (mainly) to 
organic material which is not GC-volatile. This material should be characterised, in terms of  
both chemical structure and biological activity, because it dominates the residue weighed in 
the standard BSF test.
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Figure 14.1 Proposed sampling device
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Appendix - PAH found in coke oven em issions
Structures of all the unsubstituted PAH identified in coke oven missions are shown in this 
appendix. The International Union of Pure and Applied Chemistry (IUPAC) system for 
nom enclature has been followed throughout and structures for these compounds are 
drawn according to IUPAC guidelines. These guidelines can be stated briefly. The 
polycyclic system is oriented so that (a) the greatest number of rings are in a horizontal 
row and (b) a maximum number of rings are above and to the right of the horizontal row 
(upper right quadrant). If two or more orientations meet these requirements, the one is 
chosen which has as few rings as possible in the lower left quadrant.
4 0 c x ix
■ 1 XiXi
Correct
orientation
Incorrect
orientation
Incorrect
orientation
The system  thus oriented is numbered in a clockwise direction commencing with the 
carbon atom not engaged in ring-fusion in the most counterclockwise position of the 
upperm ost ring, or if there is a choice, of the uppermost ring farthest to the right, and 
omitting atoms common to two or more rings.
Correct
numbering
Incorrect
numbering
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Peak numbers refer to compounds shown in Figure 4.6 and Table 4.6.
Peak No. Structure Peak No. Structure
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14 CO 29 ¿6
Indan 
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Acenaphthylene 
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Indene 
MW 116 Acenaphthene 
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19 CO 32 QOo
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20 co 34 COO
Benzo(b)thiophene 
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MW 202
41
42
43
45
47
49
»
Anthracene 
MW 178
Acridine 
MW 179
Phenanthridine 
MW 179
H
Carbazole 
MW 167
4 H - c y c l o p e n t a ( d e f ) p h e n a n t h r e n e
MW  190
2-phenylnaphthalene 
MW 204
53
55
56
Acephenanthrylene 
MW 202
Phenanthro(4,5-bcd) 
thiophene 
MW 208
Aceanthrylene 
MW 202
Pyrene 
MW 202
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Coronene 
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C o m p o u n d s  o f  m olecular  w eight 302 identified  in coal tar by W ise  e t a l . , 
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Peak numbers refer to compounds shown in Figure 4.5 and Table 4.5.
Peak No. Structure Peak No. Structure
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220
P eak  N o . S tructure P eak  N o. S tructure
Naphtho(2,3-e)pyrene
11
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